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This dissertation studies microbial adhesion to surfaces using high magnification 
scanning particle beam microscopy.  To study the interaction with the wings of cicada 
insects as our main surface of interest, the microbial model Saccharomyces cerevisiae 
with various levels of adhesive protein was used.  Upon magnifying the cicada insect’s 
wing one hundred thousand times, it evidences that the surface is composed of an even 
array of tiny nails.  The past research as well as our group previous work have shown that 
the nanostructure surfaces like the cicada wing trigger responses in microbes that can 
range from cell proliferation to total cell-wall disruption.  However, up to this day the 
reasons why certain nanostructured surfaces disrupt the cell-wall remained unclear.  The 
central hypothesis of this thesis is to investigate the role of adhesion protein FLO11p 
found in S. cerevisiae cell wall and the surface topography at the nanoscale using 
scanning particle beam microscopy as the main technique. 
A first step towards proving the central hypothesis was the development and use 
of immunogold labelling of FLO11p technique to be used with the scanning particle 
beam microscope and dispersive x-ray spectrometry.  The image generated by secondary 
electrons and backscattered electrons has been traditionally used as correlative 
microscopy. However, incorporating electron energy dispersive x-ray spectrometry 
(EDS) is advantageous for elemental confirmation.  Using immunogold SEM EDS 
allowed us to ratify that our studies of FLO11p and surface adhesion was not a result of 
artifacts of electron microscopy.  We show that the cell strains with normal levels of 
FLO11p and knockout levels of FLO11p are unable to withstand the penetration of the 
100-nm tall nanopillars, while the strain that overexpresses FLO11p could withstand the 
effects of the nanopillars.  This was an unexpected finding as we predicted a linear 
response of deleterious effect to the expression levels of FLO11p.  Findings of this study 
highlight the importance of surface topography when designing surfaces for microbial 
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The Elephant in the Room 
 
Four blind persons were placed in a room with an elephant. Unfamiliar with 
the animal they used their hands to try to understand the creature. The people 
who were blind relied on touch to interpret their surroundings. One of them 
was holding the trunk, they said it must be a serpent, while another one 
holding the ear believed it was a fan, one of the blind persons holding the tail 
said it was a rope, while the fourth placed their hand on the body and said it 
must be a throne. 
 -Ancient Buddhist/Hindu parable 
 
I begin this scientific document with an old proverb, a bit unconventional for a 
science dissertation.  Yet, the above parable illustrates the importance of perspective 
when studying an unknown phenomenon, feature or structure. This parable carries well 
into nanoscience and microscopy, which is the focus of my dissertation.  Like the blind 
person trying to understand the elephant, a microscopist constantly examines what 
otherwise would remain invisible.  Diving into the microscopic realm at the nanometer 
scale is like deep ocean or space exploration, where an explorer may get lost in the 
vastness, a vastness, which can be seen in microscopy with every increment in 
magnification.  In the words of Richard Feynman:  “There is plenty of room at the 
bottom.” 
 Let us carry this old parable further, by hypothetically shrinking our 4-meter-tall 
pachyderm roughly one million times to a size of 500 nanometers (500 nm).  This is 
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approximately the size of a bacterium.  Now the question is how can a scientist 
characterize this nanoscale elephant with the best microscopes available? 
Although there is some overlap depending on the type of microscope, in order of 
magnification (from lowest to highest) the microscopes are: 1) A standard table top 
compound microscope, 2) Laser confocal microscope, and at 3) and 4) atomic force 
microscope and particle beam microscopes, which have similar levels of magnification 
and resolution. 
A compound light microscope uses a series of lenses to multiplicatively magnify 
the light interacting with an object (reflecting or transmitting through the sample) to form 
an image.  Although, a stereo dissecting microscope technically qualifies as a compound 
microscope, we can bypass this instrument as the magnifications typically top at 40 
insufficient to capture enough light reflected off our 500-nm elephant.  A compound 
microscope magnification capability ranges from 40 x to 600 x, with higher tier 
microscopes in the 1000 x, this is enough to roughly visualize this tiny elephant.  
However, we would not discern that what we were looking at was a miniature elephant; 
we would not be able to distinguish more than a speckle for magnifications under 200 x.  
At 400 x, an outline of the elephant may be distinguishable, but we would have a fuzzy 
shape.  We may even notice that the elephant has some protrusions representing the 
trunk, the tusks, the ears, and the tail; but the exact nature of these extensions would be 
unknown and may even be artifacts caused by lens defects or aberrations.  An important 
consideration is the focal plane, which is the two-dimensional area in focus and is 
partially defined by parameters of the objective lens.  The focal plane can be considered 
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analogous to the palm of the blind person’s hands in our parable, as the information 
obtained solely comes from the point where the hand is touching the elephant.  A 
microscopist may acquire a more complete image of the elephant by collecting and 
combining images from different focal planes in a process known as stacking. However, 
there are issues with such approaches – how does one resolve one focal plane from 
another, let alone combine these images.  Such limitations make distinguishing the 
features of a hypothetical “nano” pachyderm using a compound microscope impossible.  
Moreover, if the only perspective of this nanoscale beast was the top, a microscopist will 
be unaware that the elephant has legs.  
 A microscopist with a confocal laser microscope (CLM) will gather significantly 
more information of our hypothetical nano elephant.  A CLM includes all the features of 
a compound microscope, but the uniqueness arises several optical tricks. One is the light 
source, a laser light of a specific wavelength that enables irradiating a sample with an 
intense and specific wavelength of light.  The second is a pinhole aperture, which enables 
the illumination of only a single focal plane and the capture of light from this same focal 
plane during image formation.  The third trick is the use of fluorescent probes to decorate 
only portions of the sample with this excitation and emission of a fluorescent photon, the 
observer targets and forms an image of incredibly specific interest aspects in the sample.  
If in our nano-elephant we added a fluorescent label that would target our the nano-tusks, 
we would discern the location of the tusks in our elephant.  This technique can be 
repeated with different probes with different fluorescent properties for various aspects of 
our nano-elephant, which would allow use to recreate and image our nanoelephant, layer-
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by-layer, section-by-section; fluorescent channel by florescent channel.  This process of 
stacking allows us to generate a three-dimensional perspective.  Although we will still be 
limited by the wavelengths of light and the depth of focus of our lenses, by using a CLM 
we can observe a live nano-elephant chewing or walking under our microscope. This live 
cell observation will not be the case for some of our other microscopes.   
 What if the observer wants to see greater details of this 500-nm elephant?  What if 
the microscopist playing the role of the blind person in our analogy wants to see the hairs 
on the elephants back? Or the number of legs? Or the footprints of the elephant?  As 
alluded above, optical microscopy is limited by its use of the visible spectrum of light by 
a physical phenomenon called diffraction limit, where the limit of resolution is roughly 
dictated by half the wavelength of light.  Although recent development of a technique 
called super resolution microscopy enables resolve down to 20 nm point to point, using 
other tricks within probes (e.g. fluorescent probes that blink and then burn out) and 
sophisticated software to resolve fine feature.  Yet, even with these newer optical 
techniques, it would be impossible to discern the hairs on the back of our nanoscale 
pachyderm.  To make these types of observations a microscopist would have to leave the 
visible light realm -  which seems to strengthen our original blind persons analogy -- and 
move towards the field of ultrastructural microscopy.  
However, as we leave the realm of optical microscopy and the use of visible 
spectrum as our probe, the images that we generate of our elephant are no longer optical 
in nature, but mere projections or interpretations created by probing and stimulating our 
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sample with different energies. Although they appear as an image, the colors are a 
function of a computer algorithm generating the image (pseudocolor). 
Atomic Force Microscopy (AFM) is an imaging technique that most closely 
resembles the blind person’s hand interacting with the surface of the shrunken elephant. 
AFM works like a record player and uses a super sharp needle attached to cantilever to 
delicately probe the surface texture of the sample.  All motion and movement of the 
cantilever is captured by a laser which interacts with the top of the cantilever; as the 
needle probe interacts with the surface atomic forces, the movement of the laser provides 
a feedback loop, extrapolating what the surface topography looks like down to the 
nanometer level.  Besides generating an image of the surface of the back of our micro 
elephant, AFM allows the possibility of gathering information of other physical 
properties of the elephant’s weight, and force.  Despite the great magnification and 
resolution capacity of AFM, finer elements such as the legs, trunk, or tusks of the 
elephant would be difficult to visualize.  Furthermore, the needle is spatially hindered and 
unable to probe beneath the elephant.    
There is another type of microscopy within the same nanoscale resolution as the 
AFM.  Particle beam microscopy enables nanometer scale observations and permits 
characterization of the underbelly of our nanoscale elephant.  Particle beam microscopes 
are subdivided into two general types: scanning particle beam microscopes and 
transmission electron microscopes.  
 Scanning Particle Beam Microscopy (SPBM) generates a high magnification 
raster image using a beam of high-energy electrons or ionized atoms.  However, to obtain 
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a micrograph, we need to prepare our nanoscale pachyderm using a rather intensive 
sample preparation technique, as data gathering is done under vacuum and bombarded 
with a high energy beam.  This preparation process involves a chemical fixation, which is 
followed by dehydration, and the addition of thin layer of conductive metal to the nano-
elephant before its introduction to the microscope chamber.  The images obtained from 
SPBM often ultimately provide the greatest detail and the broadest view of the elephant.  
The underbelly of the nano-elephant may be observed by tilting the sample, so features 
that may have been unbeknown to the microscopist from the compound, confocal laser, 
and atomic force microscopy, would now be clear using scanning particle beam 
microscopy.    
Transmission Electron Microscopy (TEM) has the highest magnification of all 
microscopic techniques.  TEM often uses a higher energy electron beam to go through 
the sample, enabling up to atomic resolution, but the resolution limitation often lies in the 
sample preparation. As with SPBM, the sample must be chemically fixed and dehydrated, 
furthermore, TEM samples often require a staining, resin addition, and thin slicing. This 
thin slice is necessary as a sample thicker than 200 nm does not allow the transmission of 
electrons through the sample to reach the detector.  A requirement to generate an image 
using TEM.  The thin section makes it tedious to reconstruct the elephant’s interaction 
with its surroundings. 
 Like in my modern reimaged metaphor, where the microscopist objective is to try 
to obtain the most accurate, detailed, and complete picture of a nano-elephant, much of 
the work that I will present is the effort to develop techniques to image and image a 
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world which we cannot directly visualize, that is the nanoscale world of microbes.  My 
elephant is brewer’s yeast Saccharomyces cerevisiae, and I act as the blind person 
gathering as best I can the full perspective of a single cell interacting with its surrounding 
nanoscale environment.  Now I depart from this metaphor, which illustrated the challenge 
confronted when trying to visualize the microscopic world and helped introduce some of 
the techniques and definitions used for the exploration of the nanoworld. 
Why Microscopy? 
 
Since the mid seventeenth century, when Anton van Leeuwenhoek and Robert 
Hooke introduced us to the microbial realm (Gest 2004), microscopy has been a driving 
force for much of scientific progress.  Microscopist are like pioneers motivated by a 
constant desire to uncover what seems invisible.  Microcopy techniques have been so 
influential throughout the last century that they have earned Nobel prizes since the early 
1900’s up until modern day.  In 1905, Robert Koch was awarded Nobel Prize in medicine 
for his microbiological work.  Koch himself attributed that much his success was thanks 
to the Carl-Zeiss microscopes (Blevins and Bronze 2010).  One hundred years later, 
microscopy has not become obsolete.  Recently, the 2014 Nobel prize chemistry went to 
super resolution microscopy, and in 2017 the Noble prize in Chemistry went to 
cryoelectron microscopy.  These honors demonstrate that microscopy withstands the tests 
of time.  Microscopy remains as the most authoritative technique to observe and collect 
data at the micron scale and below.  
The 2014 Nobel prize was in a type of fluorescent microscopy and the 2017 
Nobel prize was in a variation of electron microscopy, both techniques are used to 
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visualize proteins with as much detail as possible.  The determination of a protein’s 
localization within the cell provides enormous information on the functionality of a 
protein, its requirements as well as the cellular responses and mechanisms in which a 
protein participates in the most direct manner.  In my work, I image yeast cell/substrate 
adhesion through the Flo11 transmembrane protein without having to slice the cell or 
surface.  Scanning particle microscopes are the best suited instruments for high resolution 
imaging of yeast cell wall-proteins in a whole cell.  The wavelength of high-energy-beam 
electrons or ions is significantly smaller than the wavelength of light microscopes.  
Allowing to surpass the diffraction limit that challenges optical microscopes when trying 
to image nanoscale features.  
There are numerous types of electron microscopes (EM) that use high energy 
electron beams to generate an image at a higher magnification.  Every EM has different 
benefits and drawbacks.  While atomic resolution can be obtained using cryo-scanning 
electron microscopy, transmission electron microscopy and scanning tunneling 
microscopy; these instruments render a two-dimensional micrograph and are challenged 
when trying to observe interphase interactions that occur in three-dimensions.  
In terms of resolution and magnification, the SEM does not provide the highest 
detail possible among different microscopes.  Scanning Transmission Electron 
Microscopy (STEM) has also been used to achieve higher resolution protein localization 
with immunogold (Loukanov, Kamasawa et al. 2010).   
TEM studies use immunogold as the main workhorse for ultrastructural 
understanding of the cell.  The drawback with TEM and STEM is the intensive sample 
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preparation required to render a micrograph.  For example, to visualize biological 
microorganism a thin lamella of 200 nm or less (electron transparent lamella) needs to be 
prepared using an ultramicrotome or ion milling (Giannuzzi and Stevie 1999, 
Kizilyaprak, Bittermann et al. 2014).  This thin slice entails intensive sample preparation, 
and will produce a two-dimensional image.  For these reasons, the Scanning Electron 
Microscope (SEM) and Helium Ion Microscope (HIM) are the instruments needed to 
visualize the yeast-surface for a high magnification three-dimensional image.  To confirm 
that we are visualizing the correct proteins we obtained chemical confirmation using 
Energy Dispersive X-ray Spectrometry (EDS) in mapping mode in addition to 
Backscattered Secondary Electron (BSE) localization.  
To generate a three-dimensional image using a transmission electron microscope, 
multiple two-dimensional images need to be combined by changing the angle of 
collection, or stacking several sliced images  (de Jonge, Sougrat et al. 2010).  This is time 
consuming and labor intensive, rendering unsuitable for high through-put analysis.  For 
these reasons, the best instrument for studying of microbes/surfaces or microbe/microbe 
interactions, is a scanning electron microscope (SEM) or a helium ion microscope (HIM), 
as both types of instruments will generate an image with high detail and resolution as 
well as three-dimensional quality with an appropriate depth of field. 
Microscopy and Protein Localization 
 
To understand how yeast cells, interact with their surrounding environment at the 
nanoscale, I developed a technique that enabled me to determine protein localization at 
the nanoscale on a yeast cell and obtain its spatial confirmation using a scanning electron 
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microscope equipped with energy dispersive spectrometry (SEM-EDS). The novelty of 
the technique lies in the resolution of the imaging and labelling cell wall proteins using 
SEM-EDS.  EDS has been discouraged as a detector for volumes less than 1 µm3.  
Furthermore, EDS is not ideal for heterogenous samples with a rough topography, as 
signal interference can occur with the complex topography.  Previous reports discourage 
the use of probes less than 30 nm, as the antigens may be obscured by a layer of 
conductive coating.  This is specially the case when the detection method is solely 
coming from an secondary electron image (Richards, Stiffanic et al. 2001).  However, I 
developed a method that worked around these pitfalls.   
I developed a method to obtain chemical and spatial confirmation at the nanoscale 
for a target of choice, the adhesion surface protein, FLO11p.  I labeled the epitope tag of 
adhesion protein FLO11p found in S. cerevisiae with 20 nm gold nanoparticles (AuNP).  
I resolved the transmembrane protein FLO11p despite that it was adhered to rough 
nanostructured surfaces such as those found on the wings of cicadas (Morikawa, Ryu et 
al. 2016).  Cicada wings (CW) have an evenly distributed array of nanopillars that 
contribute to the wettability which can range from hydrophobic to super-hydrophobic 
(Sung-Hoon, Jaeyeon et al. 2009) . 
The Use of Immunogold and SEM 
 
Since the late 1960’s, during the  early stages of SEM microscopy, the application 
of a thin metallic gold layer on a sample was used to enhance contrast and reduce 
charging (Boyde and Wood 1969).  This practice is still in use to this day, usually a 
mixture of gold-palladium or gold-carbon is sputtered as a thin conductive layer over a 
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sample before imaging with particle beam microscopy.  Sample charging is a result of a 
non-conductive sample being irradiated by the high energy primary electron beam and 
the local generation of excess secondary electrons (Bell 2009).  Sample charging is 
presented as a glow in certain areas of the micrograph while other areas remain extremely 
dark.  An example of charging can be seeing in Figure 1.   Charging produces artifacts in 
the image and limits the magnification and resolution attainable by the instrument.  The 
application of a thin conductive layer allows the dispersion of charge and enables the 
escape of secondary electrons and backscattered electrons to the detector producing 
crispier, more detailed image.  Gold has been used as a contrast agent in an analogous 
manner as osmium tetroxide or uranyl acetate is used to enrich the contrast in a 




Figure 1.  Charging. An example of the charging effect in an electro micrograph.  Since 
no conductive coating was added to the sample.  The sample is biological in nature, 
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generally making it non-conductive/insulator.  Charging limits the detail a scientist can 
observe. 
 
Yeast and Biofilm 
 
We dive into the microscopic world to study yeast in the initial stages of biofilm 
formation.  We are interested in biofilms as they represent an organized structure for 
unicellular organisms.  The biofilm allows microbes to withstand stresses from the 
surrounding and proliferate in what the cell considers a hostile environment.  Biofilms 
represent a major challenge in the biomedical world and industries that rely on biological 
processes such as the fermentation industry.   
Antibiotic resistance is an ever-growing challenge in many fields. Biofilm 
formation is a key defense mechanism used by microbes to develop resistance to 
xenobiotics  (Chandra, Kuhn et al. 2001, Nobile and Mitchell 2006).  Biofilms are the 
sessile agglomeration of microorganisms in different environments either in solid-air, 
liquid-liquid or solid-liquid substrates (Costerton, Cheng et al. 1987, Simões, Simões et 
al. 2010).  Biofilm formation presents a major medical challenge as it leads to highly 
resistant infections  (Costerton, Cheng et al. 1987).  Biofilms are linked to biofouling 
costing  billions of dollars annually (Simões, Simões et al. 2010).  Biofilms enhance the 
microorganism tolerance to environmental stressors and stimuli (Glinel, Thebault et al. 
2012).  To tackle biofilms,  a lot of the focus has been on drug development that targets 
specifically the microbes or their extracellular architecture (Chandra, Kuhn et al. 2001, 
Simões, Simões et al. 2010).   
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Though biofilms are an enormous problem in some industries and communities, 
in other bioprocesses biofilms are sought after.  Control and manipulation of biofilms and 
microbial flocculation is beneficial in microbial processes such as bioremediation or 
fermentation (Verstrepen and Klis 2006).  Sewage water treatment plants rely on biofilms 
for steps in their treatment.  Ethanol fermentation relies on yeast biofilms for a healthy 
process. (Hobley, Harkins et al. 2015)  In beer and wine fermentation, depending on 
whether there is top or bottom fermentation, biofilms and cellulose scaffolding allow the 
yeast to have a competitive advantage over other organisms, it also enables better 
distribution of oxygen and other nutrients which improves product quality and yield 
(Fleet 2003, Servetas, Berbegal et al. 2013).  Biofilms allow microorganisms to organize 
in a multicellular manner to increase their survival chances, which can have beneficial or 
detrimental effects on a system (Hobley, Harkins et al. 2015).  Therefore, understanding, 
controlling and promoting biofilm formation is very important for many fields where any 
improvement will have a profound economic impact. 
Cell-substrate adhesion is the critical first step in the formation of biofilms 
(Costerton, Cheng et al. 1987).  Once a sessile cell anchors itself to a surface, the cell can 
reproduce and proliferate.  The proliferation will create scaffolding, and remain adhered 
to a surface until it releases daughter cells for propagation or desorbs a whole piece of the 
film (Simões, Simões et al. 2010).  The three-dimensional architecture of the pseudo 
organized cells protects the interior cells from being exposed to antimicrobial agents 
(Hobley, Harkins et al. 2015).  Analogous to a herd of macroinvertebrate buffalos, 
enclosing their young in a circle to protect the heard from predators.  Biofilms can be 
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composed of multiple types of microorganisms.  Where yeast and bacteria can form a 
biofilm in a synergistic manner, thus benefiting both species.  A common synergistic 
heterogenous biofilm can be seen in the popular drink kombucha (Jayabalan, Malini et al. 
2010).  
During the formation of stable adhesion to a surface the cell wall of the yeast S. 
cerevisiae is compromised when in contact with nanostructured surface (Nowlin, 
Boseman et al. 2015, Bandara, Singh et al. 2017).  These early observations from our lab 
demonstrated that the nanostructured surface of the cicada wing of destroys 
Saccharomyces cerevisiae yeast on contact (Nowlin, Boseman et al. 2015).  The 
compromised viability of the yeast is direct result of physical interactions with this 
nanostructured surface rather than a consequence from chemical toxicity.  Other groups 
studying different microorganisms having found comparable results. Bacteria was 
compromised when interacting nanostructured surfaces (Ivanova, Hasan et al. 2012, 
Hasan, Crawford et al. 2013, Ivanova, Hasan et al. 2013, Pogodin, Hasan et al. 2013).  
These findings demonstrate a promising means, a purely mechanical means, of 
controlling a broad range of microbial biofilms without the need for chemical antibiotics.  
The control of microbial growth without the use of antibiotics reduces the potential of 
increasing the developing further antibiotic resistant microorganisms.  However, the 
fundamental nature and dynamics of the mechanical interaction between the cell and the 
surface that results in a deleterious effect is not completely understood.  We aim to 
determine the mechanisms that compromise the cell wall integrity when yeast interacts 
with surfaces of unique nano-topographies.  
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In my dissertation, I examined the role of FLO11p in the cell-substrate adhesion 
through high magnification particle beam microscopy.  FLO11p is a cell wall protein that 
Saccharomyces cerevisiae yeast uses to adhere to surfaces or other cells. The hypothesis 
of my work predicted a linear deleterious response of the yeast when exposed to the 
nanostructured surface.  I predicted that yeast cell with greater amounts of the cell 
adhesion protein (Flo11) would rupture more rapidly and efficiently in contact with a 
nanostructured surface such as that found on the dog day cicada wing, than those that had 
lesser amount.  We also predicted that yeast cells which expressed greater amounts of 
Flo11 express phenotypes such as increased the stretching of the cell when interacting 
with nanostructured surfaces of higher aspect ratios. 
Other research has looked at other parameters to study this mechanical disruption.  
A group compared different bacterial strains, including gram-negative vs gram-positive 
bacteria (Ivanova, Hasan et al. 2012).  Another study took into consideration the role of 
cell hardness, and examined modifying the malleability of the cell wall by microwaving 
the cells (Pogodin, Hasan et al. 2013).  The surface morphology has been examined as a 
variable to test their natural bactericidal effects, including dragonfly wings (Bandara, 
Singh et al. 2017), or nanopatterned surfaces (Li 2016).  Yet, to the best of my literature 
search, the effect of adhesion protein (adhesins) have not been evaluated in these 
disruption dynamics.  Since we know that bacteria and yeast rely on cell-wall proteins for 
intercellular attachment and adhering to different surfaces (Hori and Matsumoto 2010, 
Karunanithi, Vadaie et al. 2010), it is worth examining their role in this disruption.  
Gram-positive bacteria have a thick Pepto glycan layer while gram-negative have a thin 
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Pepto glycan layer as their outer most layer.  Gram-negative bacteria tend to have pili in 
their cell wall that can act as adhesins, while gram-positive bacteria have pili, their 
function as adhesins remain uncertain (Proft and Baker 2009).  In the study of Hassan et 
al. the researchers found that gram-positive bacteria had no reduction in viability (Hasan, 
Webb et al. 2013).  The difference in survival between the types of bacteria was 
attributed to cell wall rigidity (Hasan, Webb et al. 2013).  I predict that adhesins such as 
Flo11 are involved in the disruption dynamics.  For this nanoscience doctoral 
dissertation, I investigate the role of a protein FLO11p in the rupture of S. cerevisiae 
yeast on natural nanostructured surfaces from the dog day cicada using high-resolution 
particle beam microscopy.  In this dissertation I have covered the following aims:  
AIM I: Determine S. cerevisiae viability and growth on nanostructured surface 
dependence on FLO11p expression.  I compared the response of S. cerevisiae yeast with 
different levels of FLO11p expression when exposed to the cicada nanostructured surface 
using high magnification microscopy.  We present a statistical technique for using 
microscopy to evaluate cell viability.    
AIM II: We developed a technique for three-dimensional visualization of yeast 
cell-wall-surface-proteins using the Helium Ion Microscope (HIM) and immuno-gold 
SEM-EDS technique for submicron scale protein localization.  We used immunogold 
coupled with EDS detector to confirm the location of FLO11p.  We further ratified the 
location of the label using helium ion microscope and Scanning Electron microscope.  
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AIM III: Assess Nano Structured Surfaces NSS induced failure of cell wall S. 
cerevisiae.  I used high magnification microscopes to zoom into the yeast and its surface 








In the introduction I used a parable to quickly present microscopes with their 
benefits and drawbacks for studying the microscopic world and below.  For this part of 
the review I will show how microscopy has remained relevant through time, further 
showing its importance using the Noble prize awards as an indicator of the recognition of 
the importance of the tool.  I will present a quick survey of modern day microscopes with 
their capabilities and drawbacks.  I will then focus on the Scanning particle microscopes, 
the instruments I most frequently utilized for data collection in this dissertation.  To 
conclude the microscopy section of this literature review, I will present a literature survey 
of the use of immunogold as a protein label, to give a theoretical background for my 
work developing an immunogold EM technique.  
The Importance of Microscopy through Time  
 
Before microscopes, water filled crystals globes served as magnification tools, a 
practice dating back to the ancient Greeks (Singer 1914).  Seneca wrote about this in his 
book Quaestiones Naturalis, where he advises to use water filled globes to make 
undistinguishably small letters appear clear and large (Singer 1914).  Some of the early 
mathematics behind magnification can be attributed to the study of optics and refraction 
through curved mirrors presented in the works of Euclid and Ptolemy (Smith 2012).
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  Arab scientist Alhazen, in the X century utilized the refractive principles to 
project a magnified image of an object with several curved mirrors (Singer 1914).  The 
first telescope developed in the XXVI century naturally paving the way for the 
development of the first compound microscope (Singer 1914). 
It was in the XVII century that the importance of the microscope was cemented 
by the groundbreaking work “Micrographia” of Robert Hooke (Hooke 1664).  Even 
though Hooke had a royal appointment, his work was catapulted by the contribution of 
Dutch lens crafter Anton Van Leeuwenhoek who had developed a technique for grinding 
very fine lenses and reluctantly allowed Hooke to use one of his microscopes (De Kruif 
1996).  Hooke coined the term cell when observing a cork slide, even though he was 
unaware that what he was observing was a microscopic organism.  It was Leeuwenhoek 
who reported the first observations of a living microorganisms in a droplet of rain water 
(Gest 2004).  As expected the ability to make microscopic observations propelled 
scientific progress then and continues to do so today.  Scientific work focusing on 
microscopy may seem antiquated in the year 2018, yet it manages to stay as a cutting-
edge field of research.   
To gauge the scientific relevance of microscopy, we can look to the highest honor 
a scientist can receive, the Nobel Laureate. If we look at the prizes given since the 
inception of the awards, microscopy as a standalone technique has been awarded six 
times, two of which were in the last five years. There are an additional five awards that 
were not towards microscopy specifically, but their work heavily relied on microscopy.  
In chronological order the awards for microscopy were: 1) 1926 Chemistry.  
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Ultramicroscopy or dark field microscopy.  2) 1953 Physics. Phase contrast microscopy.  
3, and 4) 1986 Physics. Split among two microscopic techniques, Transmission Electron 
Microscopy, and Scanning Tunneling Microscopy. 5) 2014 Chemistry.  Super Resolution 
Fluorescent Microscopy. 6) 2017 Chemistry. Cryoelectron Microscopy.  The list of Nobel 
laurate awards towards microscopy are presented in Table 1.  I will go over these 
microscopes in the following section.  
 
Table 1.  List of Nobel Prize Awards Granted Directly to a Microscopic Technique.  
Information gathered from the Nobel Prize website www.nobelprize.org 
 
YEAR CATEGORY AWARDEE TYPE OF MICROSCOPE 
1926 Chemistry Richard 
Zsigmondy 
Slit Ultramicroscope (Dark 
Field) 
1953 Physics Frits Frederik 
Zernike 
Phase Contrast Microscopy 
1986 Physics Ernst Ruska Transmission Electron 
Microscopy 




2014 Chemistry Eric Betzig 





2017 Chemistry Jeffrey Hall 
Michael Rosbash 
 Michael Young 
Cryoelectron Microscopy 
 
While not specifically an award towards a microscopy technique, it is worth 
pointing out the Nobel prizes winners who are in great debt or contributed to the field of 
microscopy.  Though under these criteria, the list could surpass to more than 20 Nobel 
laureates who have used microscopy in some aspect of their work.  I have curated my list 
down to five, whose work I believe was tightly intertwined with microscopy.  In reverse 
chronological order: In 2010 the Physics Nobel Prize was awarded towards the 
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experiments with graphene.  The graphene single atom sheet was eluded though the use 
of Transmission Electron Microscopy (Meyer, Geim et al. 2007).  In 2008 the Chemistry 
Nobel prize was awarded to the discovery and development of green fluorescent protein 
(GFP).  A protein used as a label for fluorescent confocal microscopy (Kim, Truman et 
al. 2010), and it can even be used as a label in electron microscopy (Drummond and 
Allen 2008).  The uses of GFP expand beyond the microscopy label, for which it makes it 
to this list and not the microscopy specific list (Tsien 1998).  The 1974 Nobel prize in 
medicine was awarded for the structure elucidation and function of the cell.  Much of the 
structure studies were performed using some of the first electron microscopes available, 
giving rise to the field of ultrastructural microscopy (Claude, Porter et al. 1947).  In 1905 
the Nobel Prize in Medicine was awarded to Robert Koch for his work on Tuberculosis.  
Koch was a huge innovator in microscopy, he was the first to publish an image of 
bacteria (Blevins and Bronze 2010), he was the first to use an oil immersion objective 
and made strides in sample preparation to examine under the microscope (Masters 2008).  
In 1902 the Nobel Prize in Medicine was awarded to Sir Ronald Ross, for his work in 
determining the transmission mechanisms of malaria.  Though a lot of Ross work would 
be in the field of Public Health and epidemiology, his seminal work was done using a 
simple bright field microscope which observed the transmission of malaria from human 




Table 2. Curated List of Nobel Prize Awards whose Work was heavily Based on 
Microscopy.  Table gathered from nobelprize.org. 
 
YEAR  CATEGORY AWARDEE DESCRIPRIPTION 




2008 Chemistry Osamu Shimomura 
Martin Chalfie 
Roger Y. Tsein 
Discovery and development of 
Green Fluorescent Protein 
1974 Medicine Albert Claude 
Christian de Duve 
George E. Palade 
Discovery concerning the 
structural and functional 
organization of the cell 
1905 Medicine Robert Koch Work on Tuberculosis 
1902 Medicine Ronald Ross Work on Malaria 
 
Microscopy has been recognized as an important scientific tool since the time of 
the Greeks up to the most recent noble prize.  A microscope is a technological tool that 
has enabled the development of entire fields of study.  Now let us explore the modern 
microscopes, many of which were either conceived by or heavily influenced by the Nobel 
prize winners just mentioned. 
Survey of Modern Microscopes 
 
I will examine the technology behind today’s microscopes.  I do not intend to 
endorse any brand, but in some cases the microscopes are exclusive to a company.  I will 
introduce the science behind these microscopes.  Among light based microscopes, I will 
cover bright field compound microscope, confocal laser microscopy, dark field 
microscopy and some of the techniques that can be used with these microscopic setups to 
improve resolution and magnification.  I will then proceed toward the particle beam 
microscopes.  The common theme you will see in this survey are the capabilities of the 
microscope, the magnification, resolution, and the information beyond the image that a 
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scientist may obtain by using the instrument described.  I will describe the mechanism 
behind signal generation.   
Bright Field Compound Microscopes  
 
The bright field compound microscope is the most widely used type of 
microscope, as most high school graduates will have to use it at one point in a biology 
class.  It is portable and relatively affordable.  The term compound is denoted from the 
multiplicative magnification of the objective lens and the eyepiece.  The compound 
microscope is generally composed of a light, a condenser and/or aperture, a stage holder 
for a translucent slide, the objective lens, usually a prism and/or mirrors to direct the light 
to the eye piece or CCD camera. 
The magnifications can vary by the combination of the objective and the eye 
piece.  Typically, the eye piece has a magnification of 10x.  The objectives can range 
from 4x up to 100 x.  For objectives of 50 x and higher is necessary to use oil to avoid 
diffraction of the light travelling through different mediums, where the immersion oil has 
a similar refractive index as that of glass.  The digital CCD camera enables a post-
acquisition magnification; but should be considered just enlargement, even though the 
image may seem to have a higher magnification the resolution will not improve. 
Lateral resolution or separation power is defined as the distance in which the full 
width half maximum of the intensity curves of two adjacent light points (Airy disks) can 
be separated (Bolte and Cordelieres 2006).  In other words, the ability to differentiate 




Confocal Microscopy  
 
Also known as laser confocal microscopy, in terms of hardware the microscopes 
have similar components as the ones mentioned in bright field microscopy.  The 
difference lies in the light source; besides the bright field this microscope has the 
capabilities of using different focused lasers.  The use of focused lasers enables the use of 
fluorophores, which can be used as a label in immunohistochemistry.  The resolution can 
increase significantly by the use of a pin hole aperture the size of one Airy disk that will 
filter out unfocused light (Bolte and Cordelieres 2006).   
Within the Laser confocal microscopy, the resolution can be brought down to 20 
nm, what is known as super resolution microcopy (Chemistry Noble prize in 2014).  
Super resolution is the result of optimization of sample preparation, data acquisition and 
post-acquisition reconstruction.  Using specific molecule excitation and bleaching, a 
single marker can be pinpointed within a cluster of markers.  With the use of total 
internal reflection fluorescence (TIRF) and photoactivated localization microscopy 
(PALM), the microscopist can increase the resolution down to 20 nm (Betzig, Patterson 
et al. 2006). 
The last optical microscopy technique we will cover is dark-field microscopy.  
Which named appropriately the images generated seem to have a dark background, as it 
suppresses the angular unscatterred light from reaching the objective, which makes the 
micrograph appear to dark background (Hu, Novo et al. 2008).  This technique was first 
introduced by Zsigmondy with his slit ultramicroscope that he used to observe the 
particles in a colloid (Zsigmondy 1926).  Restricting the access of unscattered light, 
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increases the signal to noise ratio increasing the magnification capacity (Siedentopf and 
Zsigmondy 1902), though the blockage of the unscattered light can reduce the numerical 
aperture thus affecting the resolution (Harutyunyan, Palomba et al. 2010).  Darkfield has 
the capabilities of visualizing plasmon resonance, a property found in rod shape gold 
nanoparticles (Alkilany, Frey et al. 2008) that allow for the optical examination of 
particles only 10 nm long (Siedentopf and Zsigmondy 1902, Zsigmondy 1926). The 
magnification and resolution an optical light microscope can attain is constrained by the 
diffraction limit which is dependent on the wavelength of the light and the aperture 
(Gustafsson 2001).  This barriers were first introduced by Ernst Abbe Theorem (Köhler 
1981, Breuer 1984), which without going through the mathematical derivations that use 
Fourier transformations roughly states the best resolution attainable is half the 
wavelength of light, approximately 200 nm for the visible spectrum (Zhang and Liu 
2008).  Using techniques like stochastic optical reconstruction microscopy (STORM) 
(Rust, Bates et al. 2006), photoactivated localization microscopy (PALM) (Fu, Huang et 
al. 2010), total internal reflection fluorescence TIRF (Reichert and Truskey 1990), 
capitalized by the super resolution work of Betzig et al can bring the resolution of optical 
microscopy down to 20 nm (Betzig, Patterson et al. 2006, Zhang and Liu 2008).  Yet to 
surpass a 20-nm resolution limit of optical microscopes, smaller wavelengths like those 





Particle Beam Microscopy 
 
The Particle Beam microscopes use electron or ionized ions instead of photon to 
generate a signal.  The particle beam microscopes can be divided into scanning particle 
beam microscopes and transmission electron microscopes A hybrid between the two 
microscopes is the scanning transmission electron microscopy (STEM).  The main 
difference between these microscopes is the angle of detection of the signal.  Where as 
stated by the name, the TEM and STEM operate like an optical microscope, where the 
electron beam will go through the sample. In the scanning particle beam microscope, the 
detector collects a signal bouncing of the sample.  
The drawback with TEM and STEM is the intensive sample preparation required 
to render a micrograph.  To visualize biological microorganism a thin slice of 200 nm or 
less, od an electron transparent lamella needs to be prepared using an ultramicrotome or 
ion milling (Giannuzzi and Stevie 1999, Kizilyaprak, Bittermann et al. 2014).  This thin 
slice requires intensive sample preparation, and will render a two-dimensional image 
from electrons going through the sample.  For these reasons, the SEM and HIM, scanning 
particle beam microscopy are the instruments needed to visualize the yeast-surface 
proteins on a plane for a three-dimensional visualization of the dynamics.   
The two main microscopes utilized in this dissertation were Auriga Focused Ion 
Beam Scanning Electron Microscope with Energy Dispersive X-ray Spectrometry (FIB-
SEM-EDS) and the Orion Helium Ion Microscope (HIM), both manufactured by Zeiss.  
The Orion has a field of view (FOV) that ranges from 1 mm down to 400 nm.  The Orion 
HIM can achieve resolutions down to 0.23 nm (Notte and Goetze 2014), while the 
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SEM+EDS can achieve resolution of around 2.5 nm. For the high-resolution protein 
visualization using the HIM is great tool, as it provides greater depth of field and greater 
resolution (Notte and Goetze 2014).   Figure 2 exemplifies the type of image produced by 




 Figure 2. Shows the micrographs of the Cicada Surface Interacting with different 
Organisms. A) SEM image of wild type yeast adhering to the surface of the wing, in C) it 
can be observed that the cell wall is adhering to the nanopillars. B) HIM image of S. 
cerevisiae L6906 disrupted by the surface. D) HIM image of a fungi being disrupted by 




Both the helium ion and the scanning electron microscope follow a similar 
mechanism to generate a signal.  Secondary electrons (SE) are generated by the energy 
loss that occur when an incident beam or backscattered electrons goes through a sample, 
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following the model Lenard type of adsorption (Kanaya and Kawakatsu 1972).  Any SE 
generated from deep within the sample is usually reabsorbed and does not escape to the 
detector, this is why SE are considered more of a superficial signal (Klang, Valenta et al. 
2013).  backscattered electrons (BSE) are generated deeper from within the sample.  The 
theory of BSE reflection is based on elastic scattering following either: Rutherford 
scattering, where the strong coulomb field of the nuclei deflects the incident beam 
(>90°); or as a result of  multiple small deflections from the beam produces a reflection 
which is usually greater than 90°  (Lloyd and Freeman 1991).  BSE can be thought of as 
incident electrons that bounce back from the sample with an energy lower or equal than 
the incident beam.  Depending on the voltage of incident beam, backscattered electrons 
signal intensity tends to increase with atomic number (Z) (Kempen, Thakor et al. 2013). 
This makes BSE suitable to differentiate biological elements from metallic gold label 
(Suzuki 2002, Kempen, Hitzman et al. 2013). 
Despite of the magnification capabilities of the HIM, this instrument is best suited 
for fine etching.  As an ion beam microscope, helium provides the smallest stable probe 
among all elements used for focused ion beams.  Despite that the beam current is within 
the pico-Amps range, the sample will still damage if exposed for too long.  The damaging 
effects by the beam can by either helium deposition (where the sample swells up) or by 
etching (where the sample seems to be burning away).  As an etching tool, when 
compared to the established gallium etching, helium beam is analogous to using a scalpel 
to cut a sample versus an axe of the gallium source.  This has provided wonderful use for 
nanomilling and nanoscale lithography.   
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The HIM has been used to make TEM lamellas in a similar fashion as a FIB 
would be used (Gregor Hlawacek 2014).  The HIM has been used to mill 5 nm nanopores 
for the detection of biomolecules (Yang, Ferranti et al. 2011).  The depth of these 
nanopores can be measured inside the scope by measuring the transmission through the 
sample being milled (Hall 2013).  On nanofabrication the HIM has been used to pattern 
in graphene flakes with quantum dot devises (Kalhor, Boden et al. 2014).  The HIM is 
likely establish itself as the go to instrument for nanopatterning in two dimensions for 
electronics and spintronics (Nanda, Hlawacek et al. 2017).  As a lithographic tool, the 
HIM can provide an unsurpassed etch resolution since the SE emitted from the helium 
ion beam tend to have an order of magnitude lower energy (10 eV vs 100 eV) than those 
produced by e-beam etching.  Higher energy SE will travel farther in the sample being 
etched, while the Helium etched will produce SE that stay near the beam (Melngailis 
1993).  The etching capabilities of he HIM is exemplified in Figure 3, which shows a 
chess board etched on a Si wafer, though overall this is not the outstanding image, it 




Figure 3. HIM Image a Chessboard on a Si Chip.   
 
Better resolution and finer etching can be achieved by polishing the Si-wafer, 
adding a conductive coating and performing a plasma cleaning before patterning.  The 
ring seen in the center of the board is an effect of sample burning/etching.  A common 
risk when imaging with the HIM, for these reasons many opt to pattern with the HIM and 
image using an SEM.  Orange Scale bar=500 nm. 
 
EDS as an Immuno-Label Detector 
 
The seminal paper by Fitzgerald et al in 1968 catapulted the use of x-ray 
dispersive spectrometry for material analysis in scanning electron microscopy 
(Fitzgerald, Keil et al. 1968).  But it was until the 1980’s that Hoyer et al  used 
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characteristic x-ray to confirm two immuno labels in guinea pig hepatocarcinoma cells, 
one of these labels was gold (Hoyer, Lee et al. 1979).  Due to the difficulty of the 
technique, characteristic x-rays was rarely included into the confirmation of the label 
where SE/BSE stacking was the preferred method (Hermann, Walther et al. 1996).  This 
was before field emission became the main beam source for scanning electron 
microscopes which reduced the wavelength of the beam thus increasing the possible 
magnification attainable by a scanning/raster scope (Gounon and Le Bouguenec 1999).  
After which the use of EDS has had a comeback for material characterization in SEM, 
but not for whole cell immunohistochemistry analysis and usually limited to larger fields 
of view. 
Obtaining quantifiable elemental readings from the EDS is challenged by 
complex topographies, as the topography of the sample can reabsorb the X-ray or photon 
hindering quantifiable elemental readings (Newbury and Ritchie 2013).  In terms of data 
acquisition, EDS data can be gathered through point analysis, multipoint, line scan, 





Table 3. Shows the different Data Acquisition Modes of SEM-EDS Analysis. 
 




Crosshair (s) select 
a location to focus 
the e-beam and 
generate a signal 
Preview mode 
allows interactive 
live spectra readings 
• Weak peaks 
• If charging 
occurs, drifting 
may give false 
reads 
Line Scan Drags the e-beam 
across a drawn line 
using pre-acquired 
image as reference 
• You can observe 
changes in peak 
intensity in one 
dimension  
• Overall spectra 
give larger 
peaks 
Hard to pinpoint 
exact location 
of element of 
interest 
Mapping  Raster’s the e-beam 
over a desired area, 
and provides 
pseudo coloring for 




selected element at 
that point.  












• Difficult to    
streamline  
 
SEM-EDS technique reduces the sample preparation time and post data gathering 
three-dimensional stacking required in other microscopes like the Transmission Electron 
Microscopy (TEM) or Scanning Transmission Electron microscopy (STEM).  The TEM 
and STEM coupled with an EDS detector can achieve higher resolution and elemental 
mapping due to the low volume interaction of the thin lamella or replicas used on these 
scopes (see Figure 4).  In this work we show the characteristic elemental signature of a 
gold probe using the scanning electron microscopy using EDS to pinpoint the location of 
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FLO11p protein on the cell or substrate without the need of slicing or sectioning our 
sample of interest.   
 
 
Figure 4. Cartoon shows the ways that the Topography can Affect the Signal.   Where 
minimal interaction volume and a free path are ideal for EDS detection.  Cartoon adapted 
from (Newbury and Ritchie 2013) 
 
Even for microbial studies, where the interaction of S. cerevisiae with zinc, still 
had to resort to larger fields of views (50-100 µm) and a pelleted concentrated sample to 
obtain an EDS signal (Chen and Wang 2008). Still in larger FOV (200 µm) EDS was 
used to confirm the elemental composition of copper nanorods (Pandey, Packiyaraj et al. 
2014).  EDS is most useful for flat homogenous surfaces like semiconductors, where it 
can be used to confirm deposition or contaminants (Lu, Zhuang et al. 2011).  We are 
interested in a smaller field of view and surfaces of varying topographies.  As a rule of 
thumb, quantitative analysis EDS detection limit for a given element is around  0.1 % 
weight of the sample (Kuisma-Kursula 2000), the probe size still remains a challenge as 
it is within the 1 µm3 when using the scanning electron microscope (SEM) (Echlin 2009, 
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GmbH © 2011 Bruker Nano GmbH, Berlin, Germany).  Figure 4 Illustrates the concept 
of volume interaction and EDS signal.  But it has been shown by Reith et al that it is 
possible to detect a gold nanoparticle on a bacterial cell using EDS, these were gold 
reduced by bacteria from solution (Reith, Rogers et al. 2006).  The high concentration of 
gold in solution contributed to obtaining a large signal for the EDS analysis.  To obtain a 
useful EDS reading, one should minimize the interference that may affect the path of the 
x-ray.  Nevertheless, even with volume interaction, in mapping mode the coloration is not 
totally lost.  These approximations are still very useful when dealing with spherical yeast, 
as the coloration is only a fraction of the cell. This can be used to determine the general 
region within the cell where the protein of interest is located where the immunogold is 
found  
Immunogold for Electron Microscopy  
 
At the beginning of the 1970’s, the idea of using colloidal gold as an immuno 
label for salmonella surface antigens was presented for TEM analysis (Faulk and Taylor 
1971).  In TEM analysis, the gold label is readily identified as a particle that appears as a 
black spot on the image, a result of blocking the transmittance of the electron beam.  In 
1975, Hershberger et al, showed that 30 nm colloidal gold could be used a as a label for 
the SEM using only secondary electron (SE) detection (Horisberger, Rosset et al. 1975).   
Gold nanoparticles are a great option for labelling since they have a high 
coefficient between secondary electrons (SE) and backscattered electrons (BSE), they are 
electron dense, and have a unique x-ray signal (J. De Mey 1981, Richards, Stiffanic et al. 
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2001, Goldstein, Newbury et al. 2012, Boyoglu, He et al. 2013, Orlov, Schertel et al. 
2015).   
The use SE for detection of gold nanoparticles is appropriate for probe sizes of 30 
nm or larger, yet it becomes trickier when trying to detect smaller probe sizes as they are 
hard to discern from dirt or variations in the cell surface (Hermann, Walther et al. 1996).  
If a researcher wants to use a gold label smaller than 30 nm to have greater penetration to 
a desired cell, they may do so by later adding silver to the sample which enhances the 
size of the probe (Owen, Meredith et al. 2001).  
The idea of using backscattered electron generated images to confirm the label 
was first introduced in 1981, where a secondary antibody was functionalized on colloidal 
gold to localize fibronectin (Trejdosiewicz, Smolira et al. 1981).  Since then, stacking 
secondary electrons (SE) and backscattered electrons (BSE) to determine the location of a 
gold label has been the standard practice for immuno EM.  To see examples of studies 
that use stacking of SE and BSE refer to the following: (Owen, Meredith et al. 2001, 
Richards, Stiffanic et al. 2001, Drummond and Allen 2008) as well as this work.  For a 
review see: (Hermann, Walther et al. 1996).  Even though gold label can be detected 
using the stacking of the SE and BSE to sub-nanometer resolution, as a standalone 
technique it is still prone to artifacts and user bias.  Stacking SE and BSE for 
immunolocalization is still susceptible to error from other elements of higher atomic 
number that still may be present in the sample.  To minimize potential artifacts that may 
arise, even with solid experimental controls, the staking analysis should be performed in 
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conjunction with detection of characteristic x-ray analysis and post-hoc size morphology 
analysis of the gold probe.  
Gold has been used as an electron microscope protein labelling technique in many 
studies using microorganisms. (J. De Mey 1981, Hodges, Southgate et al. 1987, Richards, 
Stiffanic et al. 2001, Reith, Rogers et al. 2006, Drummond and Allen 2008, Castro-
Longoria, Vilchis-Nestor et al. 2011, Boyoglu, He et al. 2013, Orlov, Schertel et al. 2015)  
For example, purified yeast nuclei have been labelled using a 10nm gold nanoparticles 
conjugated with a secondary antibody (Kiseleva, Allen et al. 2007).  10 nm AuNP have 
been used to label cellular organelles that were later imaged by backscattered electron 
(Drummond and Allen 2008).     
Other Uses of Gold in Electron Microscopy 
 
Gold is commonly used as sputtering agent to improve the conductivity and 
reduce the charging of samples being visualized by the electron and the ion microscopes 
(Wisse 2010, Lucas, Guenthert et al. 2014).  The problem is that a conductive layer 
presents a confounding variable for the chemical identification of an immuno gold -tag 
smaller than 30 nm (Roth 1996).  Therefore, we used carbon coating for our SEM-EDS 
analysis and the HIM to pinpoint the proteins on the cell surface, which will address the 
sample charging and not interfere with gold labelling (GmbH © 2011 Bruker Nano 
GmbH, Berlin, Germany).  Gold has been used as a contrast agent in a similar manner as 
osmium tetroxide or uranyl acetate is used to enrich the contrast in a monochromatic 
image (J. De Mey 1981, Hodges, Southgate et al. 1987).  
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 Immuno-gold is very useful for Transmission Electron Microscopy (TEM), it was 
first introduced in 1971 (Faulk and Taylor 1971).  Scanning Transmission Electron 
Microscopy (STEM) has also been used to achieve high resolution protein localization 
with immunogold (Loukanov, Kamasawa et al. 2010, Peckys and de Jonge 2011).  
Our research group is interested in the role of cell wall surface proteins interacting 
of nanostructured surfaces like the one presented in Figure 5. Since three-dimensional 
visualizing techniques of proteins at a nanoscale resolution are limited.  The localization 
of this protein enables us to determine the dynamics of cell when interacting with 
nanostructured surfaces.  In the SEM+EDS experiment we differentiate between yeast 
strains that have FLO11p with an HA epitope tag (L6906) with addition of the antibodies 
from yeast strains without the epitope tag or without the addition of antibodies. We 
labeled FLO11p with 20 nm gold nanoparticles (AuNP) functionalized with secondary 
antibody. 
For our work we are investigating the dynamics of microorganisms with 
nanostructured surfaces (NSS).  Our area of interest ranges from the 20 nm AuNP and up. 
As previously stated, to make observations in this scale we must use electron and ion 




The electron microscope sparked a resurgence in a naturalist drive to explore the 
surrounding with unprecedented detail.  Scientist surveyed insects, plants, and inorganic 
materials to uncover whole new realms.  Zooming into a surface thirty thousand times 
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revealed how the contours in materials can have so many variations.  From an atomically 
flat graphene (Meyer, Geim et al. 2007, Lui, Liu et al. 2009), to the micro mountain 
ranges found in pitcher plants (Adams and Smithm George W. 1977), the diversity of 
structures seemed limitless.   Before the electron microscope, it was impossible to 
achieve such high magnifications to appreciate the intricacies of these nanostructured 
surfaces.   
Variations in morphology, distribution, and arrangement at the nanoscale change 
the overall surface energy of a material of  identical chemical composition (Baer, 
Engelhard et al. 2013).  These nanostructures will directly affect physical properties like 
wettability, light diffraction and strength  (Bhushan and Chae Jung 2007).  These 
nanostructures explained some of the puzzling properties of materials which have now 
embodied the field of nanoscience.  For example, spider silk is stronger than steel and can 
pull water from air.  The silk is natural nanocomposite, the strength is attributed to the 
molecular architecture of several protein crystals within an amorphous material. (Gosline, 
Guerette et al. 1999).  The spider silk enhanced condensation property is due to the 
presence of periodic micro-knots within the strain (Zheng, Bai et al. 2010).  One of the 
author’s favorite examples is the club of a peacock mantis shrimp.  This stomatopod’s 
dactyl club is among the hardest and damage resistant materials, examining the club with 
SEM reveals it is composed of the chitin fibrils stacked in a helical arrangement (Weaver, 
Milliron et al. 2012).  Besides being extremely tough, the mantis shrimp launches this 
biological hammer at such a high speed that it boils water and carries a force carrying a 
force of 693±174 N (Weaver, Milliron et al. 2012).  Among the myriad of nanostructured 
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surfaces found in nature are: the gecko foot, shark skin, lotus leaf, the rose petal, and the 
cicada wing (Wegst, Bai et al. 2015, Zhang, Huang et al. 2017).  Many scientist and 
engineers aim to replicate these nanostructured surfaces in their manufactured materials, 
an approach referred to as biomimicry.  The way a material interacts with water is a 
frequent source of bioinspiration (Wen, Tian et al. 2015).  
Wettability 
 
Wettability is the property describing liquid-solid interaction (Li, Reinhoudt et al. 
2007).  The behavior of liquid-solid interaction was first examined seventy years ago, 
which correlated macroscopic aspects like apparent contact and roll-off angle with the 
surface features such as roughness or porosity.  These studies led to derivation of the 
Casie-Baxter and Wenzel states (Cassie and Baxter 1944, Wenzel 1949).  The surface 
wettability or water repellency is determined by the receding and advancing contact angle 
of water droplet with the surface.  The substrate of interest is hydrophilic if the contact 
angle is less than 90 ° (<90°). The substrate is hydrophobic if the contact angle is more 
than 90 °.  A surface is superhydrophic if the contact angle is more than 150° (Li, 
Reinhoudt et al. 2007).  Superhydrophobicity has been linked to resistance to sticking, 
fouling, and self-cleaning (Fürstner, Barthlott et al. 2005, Bormashenko, Bormashenko et 
al. 2007, Li, Reinhoudt et al. 2007, Xu and Siedlecki 2007, Liu and Kim 2014).  This 
non-sticking property was sought after to avoid biological materials attaching to surfaces, 
but biomolecules’ polarity involved in cell attachment vary significantly, making the 
development of a universal non-sticking material a major research hurdle.   
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A way to understand nanostructured is through its surface energy. This is usually 
determined by studying the surface interacting with liquids of known tensions 
(Bormashenko, Bormashenko et al. 2007). 
Cicada Wing 
 
In the LaJeunesse group what arose as naturalistic exploration using high 
magnification microscopes, developed into an unexpected discovery.  Studying the cicada 
wings nanostructured surface, the scientists noticed that this surface exhibited 
antimicrobial properties (Nowlin, Boseman et al. 2015).  The cicada wing translucent 
surface is composed of an evenly distributed array of nanopillars (micrograph in Figure 
5).  These pillars are approximately 200 nm tall and 50-100 nm wide. This wing pattern 
may present an evolutionary advantage as the wings are self-cleaning, water repelling and 





Figure 5. Shows the Annual South-Eastern Dog Day Cicada.  N. davisi. Each grid 
measures 5 mm cicada.   Top right shows the contrast between the contact angle of the 
cicada wing and a microscope slide. 20 µL of water were placed on the cicada wing and a 
microscope slide. Bottom left shows a Helium Ion micrograph of the nanopillars that 
constitute the cicada wing, scale bar 200nm.  
 
Besides the unique wetting properties of the cicada wing, the LaJeunesse lab has 
found that the wing reduces cell viability of S. cerevisiae when trying to adhere to the 
wing (Nowlin, Boseman et al. 2015).  This phenomena is a structure induced effect as 
modifying the surface chemistry still gave a reduction in the cell viability (Nowlin, 
Boseman et al. 2015).  Similarly, changing the surface chemistry still had antibacterial 
effect (Hasan, Crawford et al. 2013). 
The bacteria Pseudomonas aeruginosa has a reduction in viability when it comes 
into contact with cicada wing (Ivanova, Hasan et al. 2012) and as well as in dragonfly 
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wings (Ivanova, Hasan et al. 2013).  Previously, superhydrophobic surfaces were 
believed to be self-cleaning thus impeding microbial adherence (Xu and Siedlecki 2007).  
But bacterial adherence those occur, and the nanopillars perforate the bacterial cell wall 
(Hasan, Webb et al. 2013).  Synthetic materials like etched black silicon, with a similar 
roughness as the dragonfly wings, also resulted in a reduction of cell viability (Ivanova, 
Hasan et al. 2013).   
The cicada wing inactivated gram-negative bacteria at 6.4 x 105 CFU cm-2 within 
30 minutes of inoculation to a well plate containing the cicada wing sample, though for 
gram positive bacteria this group found no reduction in cell viability (Hasan, Webb et al. 
2013).  Gram positive bacteria survival was attributed to rigidity of the cell wall when 
compared to gram negative bacteria (Hasan, Webb et al. 2013).  FDA disinfection 
guidelines for food safety evaluation was used to quantify the reduction in bacterial 
viability (Ivanova, Hasan et al. 2012).  This test is based on extracting an aliquot of the 
suspension being incubated with the surface of interest to later perform a colony forming 
unit (CFU) analysis.  This aliquot test would work if there was a chemical xenobiotic 
toxin being suspended in the solution, but the working hypothesis is that there is a 
physical disruption of the cell wall.  The proposed mechanistic effect on these surfaces on 
the cell wall was presented by Pogodin et al in a paper where the bacterial wall is 
ruptured by the stretching occurring between the nanopillars (Pogodin, Hasan et al. 




Cell wall thickness was not considered as it was one order of magnitude smaller 
than the nanopillars.  10 nm vs 70-200 nm. Cell wall thickness must be taken into 
consideration as this group has found that cell walls that are more rigid are not 
susceptible to the cicada wing disruption. As three gram-positive bacteria strains did not 
show a reduction in cell viability, where the gram-positive strains tend to have a thicker 
cell wall. 
The curvature of the cell was not taken into consideration as it was several orders 
of magnitude larger than the nanopillars. The LaJeunesse lab takes into consideration that 
the whole cell is involved in the cell wall disruption response, as the rupture may occur as 
result of overextension of the cell wall, and the rupturing point might not even be in 
contact with the surface. 
The interaction was strictly biophysical and there was no chemical or biological 
dynamics involved in the wall disruption. The LaJeunesse group is working on the 
hypothesis that adhesin proteins are heavily involved in the attachment to different 
surfaces, and this presents a highly dynamic system. 
Treated the nanopillars as static rigid columns.  We have observed that the 
nanopillars are not static, as when sampling trough electron and ion microscopy the rods 
move as a response to the beam energy.  SEM micrographs show that the cell adheres to 
the nanopillars and can have different orientations as if the cells were pulling the pillars.  
Independently from the studies of Ivanova and Pogoding, the LaJeunesse lab 
group found that the cicada wing was compromising the cell integrity of yeast 
Saccharomyces Cerevisiae for the yeast strains W303 and SK1. (Nowlin, Boseman et al. 
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2015).  This challenges some of Ivanova’s findings as the yeast cell wall is of higher 
complexity and varying rigidity when compared to the cell wall of bacteria.  The cell wall 
of yeast rigidity can change depending on its surroundings stimuli (Levin 2011).  This 
disruption is not purely biophysical and we believe that the adhesion proteins play a 
critical role in triggering such responses.   
This moved the group’s interest to the role of Flo11p.  A well characterized 
protein found in the cell wall surface of S. cerevisiae yeast.  We inoculated yeast to 
cicada wings to test for the effect of this adhesion protein.  We hypothesized that the 
reduction in viability is a result of the yeast overextending itself while trying to adhere to 
a surface with a greater aspect ratio.  This rupture of the cell wall is either a result of 
agitation while adhering to a surface, or the cell is retracting the adhesin proteins and 
overextending itself since it would be dealing with a high aspect ratio from surfaces like 
the cicada wing or the dragonfly wing. 
S. Cerevisiae and FLO11 
 
Saccharomyces cerevisiae is a great model organism, it is easy to culture and is 
one of the most extensively studied organisms presenting a solid theoretical foundation.  
S. cerevisiae genome was among the first sequenced (Winzeler, Shoemaker et al. 1999).  
S. cerevisiae has a profound socioeconomic significance just through its two main 
industries of bread rising and ethanol fermentation.  Baker’s yeast is very versatile, and 
continues to present potential applications in many areas of interest like synthetic 
biology.  S. cerevisiae yeast has been used to tailor make a wide range of synthetic 
opioids (Thodey, Galanie et al. 2014), where the findings would be of great interest for 
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upcoming biopharmaceutical industry. For reasons like these, the enhancement of the 
understanding of adhesion dynamics and cell wall proteins of S. cerevisiae can be very 
beneficial to wide array of applications. 
Understanding the adhesion of microbes to different surfaces is of extreme 
importance in many areas besides the biomedical arena. For example; bioreactors are 
compromised by bacterial adhesion to pipelines.  Dentistry is a particular field which is 
interested in the bio-fouling resistant materials (Bowen, Lovitt et al. 2001).While 
promotion of adhesion is beneficial for areas where biofilms increase efficiency of a 
process. The beer industry looks after better flocculating yeast for beer clarity.  This 
would cut cost of additives used for beer clarification (Dhillon, Kaur et al. 2012).  
Yeast needs to regulate the flow of substance entering and leaving the cell as 
survival mechanisms (Teparić, Stuparević et al. 2004). In the case of Saccharomyces 
cerevisiae the interaction with its surrounding depends on the cell-wall proteins which act 
as sensors, that can trigger cascade responses depending on the environmental stimuli 
(Levin 2005).  The regulation of the permeability of compounds and materials through 
cell-wall is essential in resisting osmotic changes in the environment.  For example; when 
yeast adhere to a grape skin, it must be able to quickly adapt to a sudden environmental 
shock like a large influx of water like rain to not burst (Hohmann 2002).  The cell wall of 
s. cerevisiae is essential to maintain the cell shape.  In general it has to be rigid to protect 
against the environment, but it must be malleable to permit cell division, cell-cell 
attachments (Goossens, Ielasi et al. 2015) or pseudo hyphae formation during 
filamentation or starvation (Lo and Dranginis 1998, Braus, Grundmann et al. 2003).  
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Many of these response pathways are triggered by glycoproteins located at the cell 
surface which enable flocculation, adhesion, as well as other responses like maintaining 
turgor pressure (Levin 2005, Bou Zeidan, Zara et al. 2014).   
Even though S. cerevisiae is generally regarded as non-pathogenic, it can give us 
useful insight into the mode of operation of pathogenic fungus like Candida albicans by 
the homologous adhesion protein family (Guo Bing, Styles Cora A. et al. 2000, Nobile 
and Mitchell 2006).  C. albicans uses GPI anchored transmembrane protein to attach to 
epithelial cells (Sundstrom Paula 2002). Adhesion is a critical first step in biofilm 
formation in both bacteria and fungi/yeast (Chandra, Kuhn et al. 2001, Verstrepen and 
Klis 2006, Otto 2008).  Cell-cell adhesion is essential for the formation of multicellular 
organisms. In yeast adhesion is necessary for the sexual reproduction and as an adaptive 
response to starvation (Braus, Grundmann et al. 2003).  Starvation itself causes yeast to 
turn on the FLO11 gene, which promotes adhesion (Lo and Dranginis 1998, Braus, 
Grundmann et al. 2003, Bou Zeidan, Carmona et al. 2013). 
The adhesion proteins in S. cerevisiae are known as the floculins or FLO proteins.  
FLO proteins are also involved in flocculation, hence the name. (Tofalo, Perpetuini et al. 
2014, Goossens, Ielasi et al. 2015), FLO proteins play a role in yeast filamentation (Ryan, 
Shapiro et al. 2012), mat formation (Reynolds, Jansen et al. 2008), flor (Fleet 2003), and 
biofilm formation (Scherz, Andersen et al. 2014). 
The expression of the flo11 gene can present changes in the cell surface (Halme, 
Bumgarner et al. 2004).  The FLO proteins are involved in cell-cell and cell-surface 
attachment.  There are two types of dynamics in the current model of FLO proteins aided 
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adhesion, sugar-dependent and sugar independent (Verstrepen and Klis 2006, Bruckner 
and Mosch 2012). Flo1 (Miki BL, Poon NH  et al. 1982, Kobayashi Osamu, Hayashi 
Nobuyuki et al. 1998), Flo5 (Tofalo, Perpetuini et al. 2014), Flo9 (Kraushaar, Bruckner et 
al. 2015) and Flo10 (Halme, Bumgarner et al. 2004) are proteins that bind to manosse 
ligands and require calcium in the process (Fleet 2003, Bruckner and Mosch 2012, 
Tofalo, Perpetuini et al. 2014); while  FLO11p does not require mannose nor calcium for 
cell-cell or cell-surface attachment (Kraushaar, Bruckner et al. 2015).  The mannose 
dependent N-terminal adhesins are likely not involved in the cell-surface attachment that 
lack lectins. Therefore, we are specifically interested in using FLO11 proteins as a 
variable in our cell-surface attachment study, since FLO11p can adhere in the absence or 
presence of mannose (Braus, Grundmann et al. 2003).  FLO11p is a floculin protein of  S. 
cerevisiae which is sugar/lectin independent (Lo and Dranginis 1998, Bou Zeidan, Zara 
et al. 2014, Sarode, Davis et al. 2014, Kraushaar, Bruckner et al. 2015), contrary to the 
yeast sugar dependent proteins involved in processes like adhesions to grape skin or 
ethanol fermentation (Fleet 2003).  The expression flo11 is necessary for the formation of 
mats on a semisolid surface (Reynolds, Jansen et al. 2008), mats are formed through the 
shedding of FLO11p, which is shed by cleaving its attachment to the GPI anchor 
(Karunanithi, Vadaie et al. 2010) . FLO11p is also correlated to pseudo-hyphae 
pathogenic invasion (Lo and Dranginis 1998).  FLO11p is expressed in multiple yeast 
strains, (Bou Zeidan, Carmona et al. 2013, Bou Zeidan, Zara et al. 2014) but it can be 
solely expressed congenic strains descendent of Σ1278b strains (Lo and Dranginis 1998, 
Guo Bing, Styles Cora A. et al. 2000) where the Flo1, Flo5, Flo9 and Flo10 genes are not 
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active in these strains (Bruckner and Mosch 2012).  Though FLO11 can also attach to 
mannose, we have chosen to use varying expressions of FLO11 to evaluate the effect of 
protein adhesion in mannose independent environment. 
Flo11p crystal structure was resolved, the structure resembled that of fibronectin 
type III (FN3) structures, which is interesting since FN3 type proteins is typically found 
in the extracellular proteins of mammalian cells (Kraushaar, Bruckner et al. 2015).  
Further reinforcing the comparison of FLO11p with mucin (mucus) like 
proteins.(Karunanithi, Vadaie et al. 2010). There is FLO11-FLO11 homophilic and 
heterophilic interaction which was modeled to be pH dependent.   FLO11A is the interest 
region of attachment and has an inside out topology like hydrophobins, though they 
might represent a whole new class of hydrophobins (Kraushaar, Bruckner et al. 2015).  
These interaction occurs between the aromatic bands found in FLO11A regions 
(Goossens, Ielasi et al. 2015), which was attributed to play a role in the hydrophobic 
interactions with surfaces (Guo Bing, Styles Cora A. et al. 2000, Verstrepen and Klis 
2006).  The waxy nature of the cicada wing and the chitin structure may favor the 
adhesion of the aromatic FLO-A region, thus enhancing adhesion of the yeast strains 




DETECTION OF IN SITU OF FLO11 PROTEIN USING IMMUNOGOLD 




In this work we use functionalized 20 nm immunogold to label cell-wall-proteins 
FLO11p, an adhesion protein found in Saccharomyces cerevisiae.  We used immunogold 
for scanning electron and helium ion microscopes using secondary electrons (SE) and 
backscatter electrons detectors.  The image generated by these two detectors is stacked 
and used as correlative microscopy, we are incorporating scanning electron energy 
dispersive x-ray spectrometry (SEM-EDS) for elemental confirmation.  Chemical 
confirmation reduces artifact susceptibility.  In this study we use EDS at the high 
magnification in uneven morphologies, a practice that has been discouraged due to 
volume interaction.  The volume interaction of the EDS signal is of 1µm3, therefore 
examining a 5 µm wide yeast cell with the EDS detector generates noisy images with low 
peaks.  We present suggestions to overcome the volume interaction barrier.  We use 
nanoparticle gold (AuNP) as an elemental protein label.  AuNP chemical signature is 
easily distinguished from the rest of the biological sample with EDS.  Additionally, 
AuNP can be geometrically confirmed to corroborate localization.  These techniques 
enhance the study of microbe adhering to surfaces and increases the through put of 
analysis capabilities of single cell electromicrograph analysis. 
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In this section we test the detection of the protein on a flat surface. As we 
examine the capabilities of using the HIM and SEM-EDS for immunolocalization, we 
must first set the baseline on an ideal flat topography to detect the protein.  To enhance 
the contrast and minimize the coating we used aluminum foil.  Aluminum provides an 
elemental background reference for the EDS detector.   
Methods 
 
L6906 yeast cells were grown to saturation and separated from the spent media.  
The spent growth media was then deposited onto the 5-mm wide aluminum foil discs as a 
dose and fresh YPD medium as a blank.  EM sample preparation method was followed as 
described in the methods.   We did not add a conductive coating to these samples.  EDS 








Figure 6. Contrast of the SE and EDS Mapping of the Gold antibody Label attached to 
the FLO11p with and without addition of gold nanoparticle.   
  
 







Through the experiments of the immunogold labelling, we show that the EDS can 
be used as an immuno label SEM detector.  FlO11p was deposited onto an aluminum foil 
to enhance contrast surface after a 2-hour incubation, a technique developed in the 
Resolving the transmembrane protein section.  We tested the affinity of the secondary 
antibody with the 20 nm AuNP.  As exemplified in Figure 6 there is a clear difference 
between the EDS image with the label versus the control.   
Initially, this experiment was intended as time control experiment, we exposed the 
protein to the aluminum surface at different time intervals between a quick exposure 
(time zero) and two hours.  We then added the immunolabel and examined the samples 
using SEM EDS.  Figure 7 is a representative example demonstrating that we could not 
detect a significant difference between the two extreme points using SEM-EDS.  
We successfully detected the gold label by itself on aluminum surfaces using the 
EDS and the SE detector.  These experiments show us the ideal condition for detecting 
the immunolabel.  This serves as an upper boundary reference from the immunolabelling 
for the whole cell.  These readings serve as the baselines for detection of the 
immunolabel on the cell-surface interphase.  As the topographies increase in complexity, 
the signal is expected to be lower due to the volume interaction. 
Through these experiments we demonstrated that gold nanoparticle label does 
specifically bind to the primary antibody attached to the protein.  As it was demonstrated 
through the protein deposition experiments, were we compared protein with primary 
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antibody but no secondary antibody with gold label to FLO11p with primary and 
secondary antibody with immunogold label.  




Most immunogold labelling papers localize the nanoparticle label by stacking 
secondary electrons with backscattered electrons.  We compare the capabilities of 
detecting the gold nanoparticle using secondary electron detection, backscattered electron 
detection (ESB), and the EDS.  We used unconjugated gold for this detection. 
Method 
 
We used 20 nm secondary gold antibody, and performed serial dilutions and drop 
casted them directly onto a silicon wafer with copper tape.  We followed the EM sample 
preparation protocol, but did not add a conductive coating for the first sampling, but we 
then proceeded to add a 8 nm thick conductive coating for the second sampling.  We used 








Figure 8. Micrograph collected with the Backscattered Detector of the AuNP, this sample 
has a conductive coating of 8 nm.  
 
We were able to detect the 20-nm gold nanoparticle using the secondary and 
backscattered detectors. The nanoparticles were measured using ESB.  The nanoparticles 
had an average diameter of 17.5 ± 2.3 nm without a conductive coating and of 31 ± 4 nm 
with an 8-nm conductive coating.  Figure 8 is a representative micrograph of the ESB 
sampling.  As addressed in the literature review the backscattered detector reduces the 
depth of field but is sensitive to higher atomic number elements like that of gold.  
Discussion 
 
These result show that we can detect the nanoparticle through a conductive 
coating using ESB and SE stacking.  The measurements of the uncoated nanoparticle are 
close to that of the theoretical value of the nanoparticle.  This additionally shows a radial 
increment of the particle measurement of 6.75 nm, which is within range of the expected 
coating deposition.   
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Using the EDS detector, we were also able to detect the label on a flat surface 
(Figure 9).  We obtained a gold peak in the spectral analysis, in addition to the other 
reference peaks.  This shows the ideal conditions for detecting the gold nanoparticle.  Yet 
at this magnification the coloring is not as geometrically exact as the SE/ESB stacking.  
But it serves as a method to control for artifacts and is still able to localize proteins. 
 
 
Figure 9. One Hundredth Dilution of AuNP.  SE of suspected nanoparticles top left, 








A conductive coating generally sharpens and increases the resolution of a sample 
being observed by particle beam microscopy.  Nevertheless, a 5-15 nm conductive layer 
can obscure noteworthy features when trying to resolve 20 nm protein labels. We 
explored methods to obtain a highly magnified and well resolved micrograph of the 
transmembrane proteins found in S. cerevisiae without the use of a conductive coating.  
We use the HIM which has a flood gun application that reduces charging.  We used a 
highly conductive background/substrate to enhance the contrast of the uncoated yeast.  
We also examined the uncoated sample with the SEM-EDS. 
Methods 
 
We grew the strains TBR1, TBR4, TBR5, and L6906 overnight in YPD medium.  
We followed EM sample preparation protocol, without the addition of a conductive 
coating while following the yeast culturing protocol. 
Results  
 
Figure 10 shows characteristic uncoated samples of the different yeast strains.  
Though this technique is not recommended for accurately localizing proteins as it is 
apparent from micrographs presented in Figure 10. To acquire these images, the field gun 
potential and the grid voltage were adjusted.  The contrast was enhanced using a metal 
background.  As it can be seen in L6906, the lower the number of cells the better the 
resolution is.  Though L6906 had the AuNP added, which can enhance contrast.  As well 
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with no conductive coating, we localized the region on the cell using SEM EDS.  This is 




Figure 10. HIM images of the different Yeast strains Without a Conductive Coating.   
 
 







Many of these experiments were designed to improve the imaging capabilities of 
uncoated microbes at high magnification.  We were set on resolving and discerning the 
transmembrane protein FLO11, we omitted the addition of a conductive layer for two 
reasons.  1) The addition of a conductive layer could bury the protein of interest, and 2) 
the gold-palladium mixture can represent a confounding variable when looking for a gold 
nanoparticle with EDS.  The EDS work gave a general sense of the region of the cells 
were FLO11 can be found.  We saw that the gold label was localized near the bud scars 
of the yeast, at focal adhesion points between the yeast cells and other cells and 
substrates.  This localization of the uncoated FLO11p with the SEM-EDS agrees with the 
extensive research on FLO11p, and other experiments presented here were a conductive 
coating was utilized.  A common selling point for the helium ion microscope is the 
potential of making biological observations of uncoated samples.  We were able to make 
such observations of microbes, yet with limited resolution.  It is noteworthy the technique 
utilized to achieve the magnified images like those presented in Figure 10, where we used 








We use immunogold with EDS for the chemical confirmation of the localization 
of FLO11 protein on S. cerevisiae. 
Methods 
 
S. cerevisiae growth and maintenance 
 
The L6906 strain of yeast was provided by the Todd Reynolds Lab group which 
has an HA epitope tag.  Prior to any exposure experiment, one colony from the L6906 
plates was suspended in 10 mL of YPD medium with streptomycin.  After overnight 
growth in liquid medium, the culture was resuspended and diluted in fresh media to an 
optical density OD of 0.1-0.2. The cells grew again for two to four hours before seeding 
them onto a surface of interest, or conjugating with immunogold depending on the test. 
Immuno gold labelling 
 
As illustrated in Figure 12 and described in greater detail in (Goldberg and 
Fiserova 2016), the process of tagging FLO11p onto the cells consisted of the following:  
Live cells were pelleted at 400 rpm for 15 mins, later three times resuspended in PBSx1.  
The cells were fixed with electron microscope fixation solution (4 % paraformaldehyde 
and cacodylate buffer, at 4°C for 24 h.  To minimize changing the surface morphology, or 
crosslinking the HA-tag, we used the immersion fixation recommended for microbes 
sample preparation in scanning microscopes (Russell and Daghlian 1985).  The fixation 
solution was chosen since it is least destructive towards epitope tags (Murtey 2016).  
After fixation, cells were blocked with BSA, washed with PBSx1, (1ry antibody was 
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added α-mouse in PBSx1 with 1 % BSA-ON/4°C).  Added 2ry antibody with gold 
nanoparticle 20 nm (1:100 dilution).  After secondary antibody addition the cells washed 
once more with PBSx1.   
 
Figure 12. Scheme for Immunogold Labelling. 
 
Figure 12-1. Show the cells with the triple HA epitope tag.  Figure 12-2. 
Demonstrates the addition of the blocking agent used, the blocking agent utilized was 
BSA represented as an orange brick in the cartoon.  Figure 12-3. Primary anti-HA mouse 
antibody was added, presented in the cartoon in black.  Figure12 -4. Secondary anti-
mouse conjugated with to a 20-nm gold nanoparticle. 
As positive control, serial dilutions of the 20-nm gold nanoparticle were drop 
casted onto metal surfaces.  We drop casted serial dilutions of the label itself onto 
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asymmetrical strips of copper tape allowing us to locate the dilution during imaging as 
spatial reference can be difficult to transfer into a magnified field of view. Aluminum and 
copper were selected to serve as background for parallel experiments.  The metal 
substrates also enhance the immunogold probe (Owen, Meredith et al. 2001) and serve as 
an internal reference for the EDS analysis. 
We also tested the affinity of the gold label towards FLO11p.  Karunanithi et al 
demonstrated that FLO11 was shed to enable adhesion to surfaces or later aid in the 
formation of biofilm (Karunanithi, Vadaie et al. 2010).  This work allowed us to assume 
that we could use the supernatant of the yeast medium as a FLO11p.  We grew the L6906 
yeast to a stationary phase and aliquoted the supernatant of the medium onto the 
aluminum surfaces and incubated for two hours with the suspension.  The same 
incubation period used for the cells.  We then followed the immunogold labelling 
procedure keeping an unlabeled sample as a negative control.  
 We optimized procedures like conductive coating, and excitation energy.  We 
also set the baseline for particle size analysis.  Additionally, we compared localization 
using SE, BSE and EDS readings. 
Microscopy 
 
The two main microscopes used were the Auriga Focused Ion Beam Scanning 
Electron Microscope with Energy Dispersive X-ray Spectrometry (FIB-SEM-EDS) and 
the Orion Helium Ion Microscope (HIM), both manufactured by Zeiss.  
For the SEM-EDS metrology examination the conditions we followed were: SE 
as main source of detection, used a beam voltage of 5 kV or lower, the focus, stigmation, 
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and wobble were corrected on an adjacent parallel focal plane to the region of interest 
(ROI).  Brightness and contrast adjustments were left automatic.  The working distance 
was usually kept at 8 mm and no tilt was applied to the sample puck.   
For Backscattered image acquisition, the beam voltage was kept at 4 KV or lower, 
the working distance was reduced to 4 mm, and a grid voltage was applied to filter out 
SE.  For the EDS measurements, the working distance was kept around 8 mm, and the 
beam voltage was increased to 10 KV or higher to generate enough of a signal of the 
immunolabel.  For most of the experiments, the samples were coated with an 8-nm 
carbon layer using the sputter coater to increase sample conductivity and reduce charge.  
Carbon was chosen over gold-palladium coating to reduce a confounding signal when 
trying to locate the gold nanoparticle.  A set of experiments examined the addition of a 
gold-platinum layer to test if there would be signal augmentation from the from the 
nanoparticle and gold-palladium addition.  The conductive coat was omitted for the 
samples trying to locate the label without any additional layer.  
The EDS uses a Brucker detector coupled to the SEM.  The beam was parked 
when acquisition was done using point or multipoint analysis.  The stage tilt ranged from 
23° to 45°.  However, the main gauge towards optimizing the sample collection 
conditions was the live signal count going into the spectrometer.  When collecting the 
EDS samples using the mapping and hyper-mapping mode of acquisition, the elements 
selected for examination were primarily gold for localizing the nanoparticle.  
Additionally, silicon was selected as a reference for the experiments drop casted onto a 
silicon wafer.  Aluminum as a reference for the experiments where cells or proteins were 
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above an aluminum foil, and carbon when the substrate was the cicada wing and the 
conductive layer was carbon. 
For the helium ion microscope, samples were prepared in the analogous manner 
as they were for the scanning electron microscope.  The scope requires building a source 
and forming a trimmer on a biweekly basis.  For samples with little or no conductive 
coating, the beam current was reduced to below 1 picoamp by increasing the spot size 
and/or reducing the helium pressure. To reduce charging on low coated samples, the 
flood gun was utilized when acquiring data.  The multi-channel plate (MCP) detector was 
used to detect backscattered helium ions BSI (Postek and Vladár 2008), that are 
analogous to the BSE of the SEM.  
A key assumption for statistical analysis of variance (ANOVA) is that the samples 
are randomized in their dosage/treatment and sampling.  To meet this assumption, we 
randomized the sampling with the HIM and SEM.  Additionally, when collecting 
samples, we ran it in triplicates with a positive and a negative control where applicable.   
The randomization for both scopes consisted of: Assigning a spot for image 
acquisition as a starting point and later move the beam by randomized movement in the x 
and y directions (pan).  Randomization was done to minimize user bias when acquiring a 
micrograph. We started by selecting a point of the sample puck from the external motion 
controller, at a zoomed-out field of view of 500 µm. The column lens started within the 
center of the sample of interest.  To assign the random x and y movement of the sample 
we used the function “fx=randbetween()” in Microsoft excel.  This generated pseudo 
random negative or positive numbers for both x and y direction would then be used as a 
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translational factor for the microscope panning.  The experimenter would verify the 
suitability of the location under predetermined criteria, verifying that whether there was 
suspected microbe or label on the display.  If not, the area was recorded as null or empty.  
If the area displayed contained an entity of interest we proceeded with zooming into the 
area, adjusting the focus, stigmation and wobble to later capture the image.  Sample 
evaluation was performed after image acquisition. 
Post hoc image analysis 
 
All post-collection image analysis was performed using the open source 
application FIJI (imageJ2) (Schindelin, Arganda-Carreras et al. 2012). To make 
measurements of any element in the micrograph, the scale from the image was used as a 
reference for any measurement within each image.  The usual procedure for analyzing an 
image consisted on the following sequence: 
 
• Adjusting the image to an 8-bit image. 
• The contrast was enhanced.   
• The threshold was adjusted, if auto threshold was used the yen preset was the used 
for auto threshold. 
• Particle analysis was performed when possible, usually on a homogenous surface 
as with complex fields of views this can be more prone to mistakes. 
• When the image did not allow for Automatic particle analysis, regions of interest 
(ROI) were analyzed using the segment tool and stored in the ROI management, to 
later be measured 
• All table with measurement results were saved as CSV file for later analysis, filed 







Figure 13. Shows and L6906 yeast Functionalized with Immunogold.   
 
The top image shows the SE micrograph of the yeast above an aluminum foil 
substrate that was used as a reference.  Bottom image shows the EDS map, with pseudo 
colored labels, where gold is red, aluminum in green and carbon for blue.  Carbon was 
used as a conductive coating to increase magnification and resolution. 
Discussion 
 
Figure 13 is a representative image of immunolocalization using the EDS 
detector.  The protein label is pseudo colored in red and be an extension coming out of 
the cell.  This image alone visually confirms theories on the nature of FLO11 protein that 
state that the repetitive serine threonine regions can elongate, fuse and be shed for mat 
formation and adhesion to surfaces.  With the immunogold label coming out of the yeast 
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cell wall in the mapping mode, we show that the intensity of the red color is a result of 
this protein being suspended and having low interaction with the aluminum foil surface 
enabling the escape of characteristic x-rays to reach the detector.  
 
 
Figure 14.  Different Gold EDS Detection. A) L6906+AuNP but no conductive coating 
on an aluminum substrate, scale bar 4 µm.  B) L6906+AuNP with a carbon coating, scale 
bar 3 µm.  C) D) L6906+AuNP on a cicada wing as the surface E) EDS spectra of 1 % 
gold dilution drop casted onto silicon wafer. Insert of SE image of the ROI.  F) EDS 
spectra acquired from mapping a 100-nm thin coat of gold deposited on a wafer. Insert is 
an EDS mapping of the edge of the deposited gold. 
 
The effect can be seeing as a sharp contrast of an extension (what we suspect is 
the FLO11 protein with the immunogold label) coming out of the yeast cell wall in the 
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mapping mode, we hypothesize that the intensity of the red color is a result of this protein 
being suspended and having low interaction with the aluminum foil surface. B and D. 
The use of the EDS is challenging when dealing with volume interaction 
presented by the samples.  Thus, it has been mainly encouraged for flat homogenous 
surfaces.  Obtaining quantifiable elemental readings from the EDS is challenging due to 
the complex topography presented by the CW sample when irradiated with an electron or 
ion beam.  The topography of the sample has a large effect on quantifiable elemental 
readings.  Changing the tilt angle of the sample improves the signal.  We have also see 
that we can reduce the scattering by limiting interference from the sample in its path to 
the detector in agreement with the literature (Goldstein, Newbury et al. 2012).  Figure 14 
show the importance of minimizing the interference of other elements when trying to 
localize the gold label. 
Visualization of Yeast Cell-Wall-Surface-Proteins using the Helium Ion Microscope 





This novel method that we are proposing takes 24 hours from start of yeast growth 
in liquid media up to finish when observing and collecting data in the electron microscope.  
Each step for sample preparation is a variable affecting the result, to which we had to 
optimize the sample preparation.  We controlled for variables such as the ideal yeast 
inoculation stage and inoculation time onto a surface, and the optimal antibody kinetics.  
We minimized electron microscopy artifacts such as salt contamination by establishing 
sample washing protocol.  The dehydration and fixing is necessary to observe biological 
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samples at high magnifications under the vacuum environments used with scanning 
electron/ion microscopes. 
As reviewed in chapter II, the HIM can surpass magnification and resolution 
capabilities of the SEM.  Following DE Broglie wave principles, using the helium ion in 
the probe reduces the wavelength of the beam thus increasing the magnification and 
resolution.  Though both machines can achieve magnifications above the 60 KX, the 
HIM achieves these magnifications with greater ease, clarity, depth of field and 
topographical details.  Here I am presenting a comparison of the SEM versus the HIM for 
immunogold localization using the EHT detector.  We then compare both microscopes.  
These experiments are a good reference for comparison to the immunogold EDS work.  
Methods 
 
We used the yeast strain L6906 as our experimental unit and we dosed with the 
immunogold label and a control in a randomized fashion.  We followed the EM sample 
preparation and examined under the HIM and SEM secondary electron detection.  The 
error presented for these measurements is the standard deviation.   
Results and Discussion 
 
For high spatial resolution of proteins, the samples were examined through Helium 
Ion Microscopy (HIM), and Scanning Electron Microscopy.  Using the technique of 









Figure 16. Images comparing the Immunogold using the HIM 
 
We show that we can use the HIM to localize an immunogold label using solely 
the EHT detector, as it can be seen in Figure 16 and in Figure 18.  Using both 
microscopes we could discern the labelled proteins from the control samples.  Though for 
the SEM we had to use both the backscattered detector stacked with secondary electron 
detection.  While for the HIM we could use only secondary electron detection.  
Throughout this document the reader can compare the micrographs of the SEM and HIM, 
but let us illustrate a general contrast by comparing the SEM micrograph in Figure 16 and 
HIM micrograph in Figure 18.  Both images have the 20-nm gold label and a thin carbon 
coating.  Even though the HIM image has a lower magnification, the reader can 
appreciate the greater depth of field presented by the HIM.  In Figure 16, there is a small 
71 
 
depth of field, toward the front of the image, while in Figure 18 great details can be 
appreciated from different depth.  Additionally, even though there still is some charging 
in the HIM image, the cell surface is clearly viewed, where the carbon coating can be 
seen flaking off the cell surface.  While in Figure 16, the SEM charging does not allow 
visualization of the cell surface detail.  It should be noted that the recommendations to 
visualize biological samples in the SEM are to use a lower voltage between 1-5 KV not 
the 10 KV used in Figure 16 to trigger the characteristic x-ray of gold for EDS analysis. 
For the immunogold labelling of FLO11p, the HIM resolved the label on the cells and 
substrates surrounding it.  We localized and measure the probe size on the label with a 
thin coat of carbon Figure 16.  This can be further exemplified by the micrograph in 
Figure 19, which shows a high magnification image of the cell surface and with tabulated 
results and the histogram distribution.  Following suit for the different samples we 
detected the AuNP on substrates with a measurement of 81±42 nm on the cell.  While the 
label on the substrate measured 25.8± 8.1 nm for this image. Considering the coat of 8 
nm, we can state that the HIM can be used for an accurate measurement of the label but 
not very precise one.  While the BSE particle analysis on a substrate gave an average size 
of 17.5 ± 2.3 nm without the use of conductive coating.   
The difference between in the measurements of the nanoparticles on the surface 
with the label versus the nanoparticles on the cell wall, can be explained by the 




Figure 17. SEM image of L6906 Yeast Adhering to Cicada Wing NSS.  The sample has a 
3-nm thin carbon coating.  
  
A reason for the difference can be attributed to the HA-tag itself found on 
FLO11p, which is a triple epitope tag, so there could be several nanoparticles attached to 
the protein, or the protein itself is concentrated in certain areas of the cell making the SE 
image of the tag look larger.  We can corroborate that in fact what we are observing are 
the tags based on our controls in immunolabelling preparation, the unlabeled proteins did 




Figure 18. HIM Image L6906 Yeast with Primary and Secondary Gold Label. 
 
 
Figure 19. FLO11 on Cell Surface.  This is a highly magnified HIM micrograph of the 
cell surface, top adhering to an aluminum surface.  The FLO11p can be seen extending 
onto the surface.  Despite the 5-nm carbon coat the 20nm AuNP can be detected with 
using only an SE detector.  The label measured 28 ± 12 nm for this image, which taking 




Figure 20. Image taken with the Helium Ion Microscope of Yeast Cell Surface. The cell 
surface proteins can be observed.   
 
Figure 20 presents a highly magnified micrograph of the transmembrane proteins 
found in yeast cell wall. The left micrograph shows the TBR1 cell surface, the extensions 
coming out is what we suspect is Flo11p. Scale bar=100 nm.  Right micrograph shows. 
Yeast L6909 on cicada wing coated with carbon.   Magnified to 172 KX to show the 
adhesion protein.  Gold labelled antibody was added before fixation, which shows a 
wider protrusion coming out of the cell wall. Scale bar = 200 nm. 
The HIM remains as a scope that can achieve unprecedented magnification with a 
large depth of field in comparison with other scanning probe microscopes.  That said 
there are a couple drawbacks presented by the HIM.  A common user critique has been 
that the LUT acquisition transformation into a grayscale image is suboptimal.  
Experienced electron microscopist expect a micrograph to have rich gamma in the 
grayscales, yet the ones generated by the HIM tend towards darker black images 
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(personal communication at HIM user conference).  It is common to see dark areas where 
there seems to be low SE emission, or plain absorption of the helium.   
Chapter Summary 
 
We show that localization of the immunogold nanoparticle is possible using the 
SEM as a detection method.  We showed that the localization within a flat homogenous 
surface presents the best result for obtaining a signal from the nanoparticle label.  We 
isolated the tag itself and on a flat and rouged surface.  Additionally, we used Helium Ion 
microscope to pinpoint the location of the gold tag using an EHT detector to localize a 
20-nm tag with an 8-nm coat of carbon at a very high magnification on the different 
surfaces.  The limitation of the interaction volume that challenges EDS as a tool for 
immunohistochemistry in SEM can be circumvented by mainly changing the angle and 
varying the incident voltage on the sample of interest.  Though the 20-nm gold label was 
not resolved as a particle using EDS, it is still a very useful tool for confirmation, since 
ultimately it is coloring the entire protein next that was intended for the labelling.  An 




Adding EDS to immunogold analysis enhances the technique for protein 
localization as it can help overcome artifacts and potential errors in the analysis. Though 
the roughness of microbes interacting with a surface presents a challenge for the EDS 
detection as the escaping x-rays for elemental analysis interact with the uneven 
topography.  We present suggestions to overcome the volume interaction limitation of 1 
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µm3.  Though we recognize that volume interaction is challenging, therefore cannot be 
used as a standalone technique.  The use of BSE, post hoc size-corroboration of the 
nanoparticles, and EDS detector are not stand-alone techniques either but together 
provide a powerful tool for high resolution protein visualization.  To obtain high detail 
surface protein micrographs the HIM was used to resolve the gold immunolabel.  With 
the HIM we distinguish the 20-nm gold immunolabel using EHT detector for SE signal.  
Where the previous recommendation was to use 30 nm or greater nanoparticles for SE 





ROLE OF FLO11 PROTEIN EXPRESSION ON S. CEREVISIAE SURVIVAL AND 




In this chapter we present a method to quantify disruption in cell integrity directly 
on the surfaces using scanning particle beam microscopy.  We examine the changes in 
cell morphology of S. cerevisiae with scanning beam microscopy.  We study the effect of 
surfaces on the cell shape integrity while S. cerevisiae is trying to adhere to such surface.  
We initially hypothesized that adhesion plays a key role in the process that disrupts cell 
integrity, where much of the surface adhesion is a result of the transmembrane protein 
FLO11p.  We expected that cells expressing more FLO11p would have a higher 
disruption in the integrity of the cell wall. 
Table 4 shows the yeast strains used in this study to study the effects of FLO11 on 
cell integrity.  These strains were kindly provided by Todd Reynolds Ph.D.  TBR1 is wild 
type expressing regular levels of FLO11, TBR4 is hyper adhesive strain which 
upregulates flo11; TBR5 is the flo11 knockout strain that does not express protein.  
L6906 has a human influenza hemagglutinin (HA) epitope tag, used for the immuno gold 
labelling.  L6906 carries a triple HA tag in the N-terminus of the FLO11 protein 
(Reynolds, Jansen et al. 2008).  It has been reported that the HA tag does not affect 
flo11p protein function (Kraushaar, Bruckner et al. 2015).
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Table 4.  S. Cerevisiae Model Organisms with the different expressions of FLO11p.  The 
gene modifications were provided by Todd Reynolds Lab. 
 
Yeast Description Gene 
modification 
Reference 




TBR4- (hyper-adhesive) MAT2 sf11:1 Kan 
Mx6ura 30 his 30 leu 20 
 





L6906 Flo11 with tag MATα ura3–52 
his3::hisG FLO11::HA 
(Reynolds, Jansen 




Is the cell wall compromised by the interaction with the nanopillars found in the 
cicada wing?  We compared adhesion for the cicada wing from strains of yeast with 
various levels of expression of the FLO11p.  This is exemplified in Figure 21, where the 
difference in flocculation levels of the yeast strains becomes apparent 30 minutes after 









One colony of each strain was immersed into 10 mL of YPD medium and grown 
overnight at 30·C 24 h incubation.  Proceeded to transfer 1 ml of yeast solution and 
diluted it with 10 mL of YPD medium into a conical 15 mL centrifuge tube.  Each tube 
had a cut of the outer cicada wing, which floated throughout the incubation and shaking 
period.  The caps of the centrifuge tubes were left loose to release pressure from CO2. 
Yeast strains  
 
TBR1, TBR4, TBR5, L6096  
Our Objective was to use the SEM for the comparison of adhesion of the different 




Confocal adhesion experiment 
 
Confocal microscopy remains as one of highest throughput techniques to evaluate 
microbe-surface dynamics. Though light microscopy has lower magnification and 
resolution when compared to electron and ion scanning microscopes, light microscopes 
do not require the extensive dehydration, fixation and coating like scanning beam 
microscopes do. 
To set up a baseline we want to evaluate the adhesion dynamics of different 
strains of S. cerevisiae to a flat surface at different time points, to later be compared to 
the adhesion to surfaces with different nano-reliefs. Labelling of the cells will be done 
with calcofluor white, which binds to chitin (This might be problematic later when using 
the wings of the insect which are rich in chitin).    
Results 
 
To determine the incubation time needed for cells to be in early log phase of their 
growth we performed growth curves of the different yeast strains.  The growth curves of 
the different strains can be seen in Figure 22.  This growth curves show flocculation at 
the 20th hour reading, and a general inflection in the growth after two hours. This allowed 





Figure 22. Growth Curves of the Yeast strains used among the different experiments 
throughout the document. 
 
We performed a confocal analysis of yeast being deposited onto glass coverslips 
for 2 hours and found no significant difference among the different strains of TBR1, 
TBR4 and TBR5.  As expected there was a significance difference among the diluted and 
undiluted samples of yeast but no difference among the groups themselves (see Figure 
23).  This finding dissuades us from using confocal microscopy for surface analysis, in 
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Figure 23.  Confocal Study of the Yeast adhered to a Glass Slide. No significant 





Figure 24.  TBR1 Buds Adhered to the Edge of the Cicada Wing which was cut and does 
not present the roughness of as in the main wing.  The author found that TBR1 had a 





Figure 25. This is representative of the Micrograph of TBR4 Adhering to the Cicada 
Wing bed of Nanonails.  A bit of a surprise as we expected a linear deleterious response 







Figure 26. Representative SEM Micrograph for the Cicada Wing exposed to TBR5.  
Yeast did not adhere to the cicada wing.   
 
Using scanning probe microscopes, we demonstrated that the nanopillars found in 
the cicada wing provoked a significant deleterious effect on the TBR1 cells trying to 
adhere to the surface of the Cicada wing, while the TBR4 could adapt to the surface 
based on the hyperexpression of the FLO11p.  While the knockout FLO11 strain of 
TBR5 had little adhesion to the surface, as it would be expected yet once adhere the NSS 
would perforate the cell membrane.  We went to the extent of testing randomization 
procedure for the TBR5 lack of adhesion that we performed a composite image on one 
sample only to find one bud of yeast near the vein of the wing which has reduced 





Figure 27.  Shows TBR1 attached to a Cicada Wing Surface.  SEM micrograph, SE/EHT 
detection, with a 10-nm carbon conductive coating. 
 
 Figure 27 illustrates the cell counting procedure using FIJI to quantify the 
number of compromised cells and intact cells on the surface.  A region of interest of 
3.44x10-1 mm2 was selected to exclude the vein of the wing which resulted in 212 
identified cells of compromised structure, with 30 cells still alive.  It is worth noting that 
of the live cells, 25 were from a single bud.  While the cells compromised were 
individual cells.  The larger bud may have already agglomerated prior to the attachment 
to the cell surface, as the incubation was of 2 hours.   
 This shows that the hope of creating an antimicrobial surface solely based on 
geometry is not feasible approach, as surfaces like will eventually foul, and microbes that 
count with defensive mechanisms like that of hyper expression of adhesins will 





Figure 28. Response of the Different Strains to CW.  The numbers represent are averaged 
over area of 1 mm2. 
 




Rough surfaces like those found in the cicada and the dragonfly wing reduce the 
viability of bacteria and yeast.  These nanostructured surfaces compromise the cell wall 
integrity of microorganism try to adhere to the surface.  The NSS do not induce a toxic 
response on microbes like an antimycotic would on a yeast or an antibiotic on bacteria.  
Several theoretical models propose that the toxic effect is mechanistic result, in this study 
we examine the nanostructured penetration into the cell wall.  Using high resolution 
Scanning Electron Microscope (SEM) and Helium Ion Microscope (HIM) we zoom into 

















the nanopillars are in fact piercing the cell wall or is a result of rupturing stress from the 
cell overextending to adhere to a surface.  We also compared the dimensions of the 
nanopillars within the same cicada wing. 
Methods and Experimental Design 
 
Yeast strains TBR1, TBR4 and TBR5 (see Table 4.  S. Cerevisiae Model 
Organisms with the different expressions of FLO11p.  The gene modifications were 
provided by Todd Reynolds Lab.  The yeast was exposed to the surface during the early 
log phase.  The early log phase presents the initial stages of adhesion and reduces flocs of 
yeast that may precipitates onto the surface of interest.  After an overnight exposure the 
cicada wings were removed from the yeast growth media for EM sample preparation.  
The samples were fixed, dehydrated and sputtered with a 8 nm gold-palladium coat.  
Micrographs were collected following randomization, with an n=10. Once adhere yeast 
were identified from a 100 µm, we zoomed into the sample to measure the contact points 
between the yeast and the surface.  We measured the length of suspected proteins and the 
nanopillars.  We examined both sides of the cicada wing, to check that the effect was the 
same for both sides of the wing. 
Results and Discussion 
 
Comparison of both sides of the wing 
 
We found that different sides of the same cicada wing, have significantly different 
dimensions.  Measuring the tip of the nanopillar we found that Side 1 (S1) had a circular 
area of (3.04 ±0.68) x 103 nm2, in comparison flipping the wing, the tip of the nanopillar 
area measured (1.14 ±0.18) x 104 nm2.  Both using the principle of two standard 
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deviations difference, and single factor ANNOVA (P<<0.01) we found a significant 
difference between the dimensions of the nanopillars.  This is exemplified in Figure 29, 
by comparing both sides of the same wing micrographs and graphed.  
To the best of our knowledge, the dimensions of the nanopillars in the same 
cicada wing have been treated as homogenous in the literature. Our lab has previously 
found that there are variations in nanopillar dimensions among distinct species. Yet this is 
the first time reported that there are significant variations within the sides of the same 
wing section.  We recommend that this should be further investigated, with multiple 
surface characterization techniques.  Additionally, we recommend that the dimensions of 
the nanopillars directly interacting with microorganisms be recorded when studying the 
antimicrobial properties of a wing.   
 
 
Figure 29. Representative Morphometric Measurements of Two Sides of the Cicada 
Wing.  There was a difference in the dimensions of the nanopillars.  B) Side two had 
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larger tips of nanopillars.  C) Bar graph comparison of the nanopillars.  n=38, error 





After assessing the nanopillars of both sides of sides of the wings, we had an 
unexpected result. While flipping the wing from the adhesive surface, yeast became 
unattached from the wing and exposed the plane of the yeast which adheres to the cicada 
wing surface.  This plane shows a pattern of the nanopillars imprinted onto the wing.  
This allowed to see an inverted view where the yeast comes in contact point with the 
surface.  This serendipitous find enabled us to observe something we had been previously 
unable to, and for future work this inversion should be explored.  
The results of measuring pores on the cells were: the average circular area was 
(1.67 ±0.68) x 103 nm2, the average width was 46.5 ± 1.4 nm, and an average height of 
52.1 ± 1.8 nm.  These dimensions are within the range of the nanopillar dimensions.  It 
should be noted that the pores are in fact larger as they were not adjusted for the addition 








Figure 30.  TBR4 Cells, right image is a magnification of the left micrograph.  Shows the 
penetration of the nanopillars on TBR4.  These cells were the least compromised by NSS, 
and this can be seen by flipping the cells that the nanopillars do not penetrate the cell 
wall. These micrographs were taken with the SEM SE detector, samples had a conductive 







This works used high magnification scanning particle beam microscopy to 
evaluate to zoom into the adhesion contact points between a surface and a 
microorganism.  We examined different expressions of FLO11p in the adhesion and 
interaction of yeast with nanostructured surfaces.  FLO11p is a well-studied and 
characterized protein, making it a suitable subject for high resolution protein localization. 
We showed the proteins interacting with different substrates in the preliminary stages of 
adhesion.  Mitigating adhesion is critical for control of biofilm formation.  The work 
presented throughout this document brings the study of microorganisms from the micron 
scale to the nanometer scale in a three-dimensional manner. 
Throughout this work we further confirm the importance of length of the adhesion 
protein for cell survivability.  We pinpointed the location of the within the cell and the 
surface.  FLO11p is usually found around the bud scars of the yeast and the lateral axial 
positions, which helped it adhere to different surfaces and other cells forming buds.   
We saw that cell agglomerations helped the yeast withstand the effects of the NSS 
surfaces, while individual cells that encountered the NSS tended to end up in cell 
disruption.  Higher expression of FLO11p allowed the yeast to cover the Nanopillars with 
ECM, avoiding perforation from the nanopillar.  This is useful as adhesion has not been 
taking into consideration when modelling the interaction between microbes and NSS.
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We used a yeast expressing various levels of FLO11p to test the protein 
relationship with adhesion and survival of the yeast.  Despite that we saw differences in 
the micrographs among the strains.  We had to confirm that these differences were not an 
effect of artifacts.  This drove us to use immuno gold labelling for the SEM.  We 
improved on the immunogold labelling techniques by encouraging the use of the EDS 
detector. We developed a technique to use EDS for immunogold of 20 nm labelling a 
whole cell on a substrate in a three-dimensional manner. 
We demonstrated that by using SEM-EDS we are able confirm the presence and 
location of the immunogold label in a three-dimensional micrograph.  This work is 
unique as EDS is generally not used at the magnification necessary to resolve the 
adhesion between a microbial cell and a surface.  We recommend using EDS to 
overcome any potential artifacts that may arise from using SE/BSE stacking or SE 
morphometrical measurements as standalone techniques.   
With the SEM-EDS detection and the HIM, we detected the immunogold on 
samples without a conductive coating.  Though this endeavor was non-trivial, as several 
parameters must be adjusted by the microscopist when sampling, making it unsuitable as 
a streamline process.  To improve the signal using the HIM for uncoated samples, we 
used the Flood gun and a metallic substrate to increase the contrast on the uncoated 
sample.  The SEM was unable to detect the immunogold label on uncoated samples with 
the SE detector.  When examining the uncoated samples with the SEM SE detector, the 
samples had excessive charging even at low beam voltages.  Using BSE detector, we 
94 
 
could pinpoint the location but charging was still a major factor interfering with the 
image.  
With the Helium Ion Microscope, we demonstrated that it is possible to locate a 
20 nm immunogold with a thin carbon layer on the cells in whole cells using only an SE 
detector.  This surpasses the SEM capabilities, which was limited to 30-40 nm probe size 
for immuno labels and SE detection.  The HIM also presents a larger depth of field in its 
images allowing for a better perspective of the whole cell interaction.  
The HIM Orion has a couple of drawbacks; within the design, the main chamber 
is large and works under ultra-high vacuum.  This large chamber requires a lot of time to 
reach the pressure to the nanoTorr range needed for operation.  In the HIM-Orion model, 
the loading chamber is also large, designed for enabling plasma cleaning of the sample. 
Yet, this as well requires extensive time in equilibrating from atmospheric pressure to the 
100 nanoTorr pressure range needed to load into the chamber.  This limits the potential of 
the HIM Orion to be used as a manufacturing tool.  In a newer model, the Nanofab, the 
loading dock and the sample chamber are smaller in size increasing the throughput 
capabilities.  
S. cerevisiae uses FLO11p as an adhesion protein to adhere to surfaces and other 
cells.(Douglas, Li et al. 2007)  The process of cellular adhesion is a critical first step in 
the formation of Biofilms. For this reason, a better approach is needed to quantitatively 
evaluate the surface interaction that reduces the viability of microorganisms.  To 
overcome these problems, we propose an innovative method to study the effect on 
viability of yeast cells in Aim I of this dissertation.  Due to the small pseudo two-
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dimensional scale of these surfaces, microscopy must be used in a quantitative matter to 
understand the reduction in cell viability.  But, even high magnification light microscopes 
are unable to resolve the details of the nanopillar interaction (Kizilyaprak, Bittermann et 
al. 2014). For this reason, we relied on scanning beam and particle microscopes to study 
the interaction of these structures with the yeast. 
In this dissertation we examine S. cerevisiae disruption of cell wall integrity when 
exposed to nanosurfaces, we suspect that the adhesin/floculin glyco protein located in the 
cell surface plays a critical role in this disruption.  Cell adhesion can be understood as the 
extracellular binding between cell-cell or cell-surface. 
For qualitative chemical confirmation of the presence of FLO11p in a sample of 
interest, we presented an immunogold labelling technique ratified via SEM+EDS, while 
high magnification analysis was done with the HIM.  Our method expands the use of 
electron microscopy by coupling the technique with immuno-gold chemistry and 
chemically identifying the nanoparticle using Energy Dispersive X-ray Spectroscopy 
(EDS).  We localized the proteins within the scale of the nanopillars, and we determined 
that FLO11 is the adhesion protein, which S. cerevisiae uses to adhere to surfaces.  The 
nano-topographies compromised the integrity of yeast cell wall of S. cerevisiae not in the 
linear fashion as we had expected.  As previously discussed, the dynamics of these cell 
disruptions are not well understood, and I showed that adhesion proteins (adhesins) do 
have an effect in these dynamics.  To label the proteins, we used 20 nm gold 
nanoparticles (AuNP) conjugated with secondary antibody bounded to a primary 
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antibody bound to a genetically inserted HA-epitope tag found at the C-terminal of 
protein Flo 11 in the L6906 strain. 
We have found that modifying the tilt angle improves the signal of our gold label.  
We have also seen that optimizing the scattering by limiting interference from the sample 
in its path to the detector show the importance of minimizing the interference of other 
elements when trying to localize the gold label. We present a practical guide to pinpoint 
proteins on whole cells in a three-dimensional manner and use FLO11p as our controlled 
study subject. 
This work was ultimately to uncover the invisible.  Like the blind person of the 
parable, I look under and above the microscopic elephant through multiple minute images 
to get the big picture.  
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LIST OF ABBREVIATIONS  
 
1. CLM-Confocal Laser Microscope  
2. AFM- Atomic Force Microscopy  
3. SPBM-Scanning particle beam Microscopy  
4. TEM-Transmission Electron Microscopy  
5. EM-Electron Microscopes  
6. STEM-Scanning transmission electron microscopy  
7. SEM-Scanning Electron Microscope  
8. HIM-Helium Ion Microscope  
9. EDS- Energy Dispersive X-ray Spectrometry  
10. BSE-Backscattered Electrons  
11. SEM-EDS- scanning electron microscope equipped with energy dispersive 
spectrometry  
12. AuNP-Gold Nanoparticle 
13. CW-Cicada Wing  
14. NSS-Nano Structured Surfaces  
15. TIRF-total internal reflection fluorescence  
16. PALM-photoactivated localization microscopy  
17. STORM-stochastic optical reconstruction microscopy) 
18. FOV-field of view (p.32) 
19. SE-Secondary electrons (p.33) 
20. HA-human influenza hemagglutinin epitope tag  
 
